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Abstract
GalnAsP and GalnAs epitaxial layers grown on Fe-doped InP substrates 
of {100} orientation have been studied using cross-sectional and 
plan-view transmission electron microscopy.
Studies of the epilayer surface regions of LPE Gao.o3In0.97
Aso.OVPo.ga heavily doped with Mn or Mn and Ge have revealed at least 
seven precipitate types when classification is made according to
precipitate morphology, configurations and associated strain fields. 
The origin of some of these second phase particles is shown to be 
iron-phosphide precipitation resulting from iron diffusion from the 
substrate. Furthermore, in a I»PE Gao.47Ino.53As layer co-doped with 
Mn and Ge four distinct precipitate types were observed.
Speckle and long wavelength microstructures in GalnAs grown by LPE, 
MOCVD and MBE have been studied. A long wavelength microstructure 
lying along <100> directions which is observed in some MBE GalnAs 
layers is associated with reduced electron mobilities. In MOCVD 
GalnAs a long wavelength microstructure lying along <110> directions 
was seen to vary as a function of distance from the interface. The 
presence and wavelength of the speckle contrast is shown to be
independent of the growth technique employed. Some MBE GalnAs layers
also reveal an island contrast along orthogonal <100> directions.
Undoped MOCVD GalnAs epilayers with large compositional, fluctuations 
approximately half way through the thickness of the epilayer or small 
compositional fluctuations near the epilayer surface have been 
studied. These perturbations in composition are associated with a
dislocation cell structure and a cross-hatch of dislocations along 
<110> directions respectively. A variety of defects have been 
identified and the microstructure correlated with Sputter Auger 
profiles and depth-resolved Hall profiles.
Cliff—Lorimer k-factors have been determined experimentally and 
theoretically for Ga, As and P relative to In and extinction 
distances for GalnAs and InP calculated.
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Chapter 1
Int roduct ion
1.1 Thesis Outline
Initially# in this introductory chapter/ the importance of GalnAsP 
grown lattice matched to InP is considered. Crystal structure/ 
relevant material parameters, scattering mechanisms and epitaxial 
growth techniques are then discussed. After a literature review in 
Chapter 2, Chapter 3 describes the specimen preparation techniques 
developed during the course of this work and outlines the 
Transmission Electron Microscope (TEM) techniques used. In Chapter 4 
the determination of k-factors relevant to the III-V semiconductor 
axea is detailed. Work on precipitate formation in heavily doped 
Ga0 .03In0 .97 2^30.07p0.93 and Gao.471no.53As grown by liquid-phase 
epitaxy (LPE) is considered in Chapter 5. Speckle and long 
wavelength microstructures observed in GalnAs are discussed in 
Chapter 6 . Chapter 7 considers the investigation of defects in 
GalnAs epilayers grown by metalorganic chemical vapour deposition 
(MOCVD) with composition fluctuations associated with gas switching 
problems. Finally in Chapter 8 a summary of the results and 
conclusions is presented and suggestions for future work given.
1.2 The Importance of the GalnAsP/InP System
The variation of bandgap (Eg) as a function of lattice constant for 
III—V binary and alloy semiconductors is shown in figure 1.1. In 
this diagram binary compounds are represented by points , ternary 
alloys by lines and quaternary alloys by areas bounded by ternary 
alloy lines. With respect to figure 1.1 the quaternary system Gax 
Ini_x ASy Pi-y is bounded by the ternaries InAsx Pl-x* Gax lnl-x As* 
Ga Px Asi_x and Gax Ini_x P. This system can be grown lattice- 
matched to GaAs and InP substrates. However Gax Ini_x Asy Pi_y grown 
lattice-matched to GaAs has. received little attention because it 
reproduces the energy range spanned by the Afix Gai_x As system. When 
InP is used as a substrate, lattice-matched Gax Ini_x Asy Pi-y alloys 
can be prepared whose bandgaps span the energy range between 1.35eV 
(InP) to 0.75eV (Gao.47ln0 .53As) at room temperature (300K). This 
energy range includes the wavelength range between 1 to 1 .6fjim where 
loss and optical dispersion in Si02 based optical fibres are at their 
lowest. In connection with this it is noted that conversion between 
photon energy Ep and wavelength Ap can be made according to,
Ep(eV) « 1.24/Ap(pm) 1.1
A typical attenuation curve for a SiC>2 optical fibre doped with Ge02 
is shown in figure 1.2. For telecommunication purposes there sure two 
wavelengths that are particularly attractive, the 1.3/im wavelength 
and the 1.55/im wavelength with possible losses of approximately 0.55 
and 0.2 dB/km respectively.
The material system Gax Ini_x Asy Pi_y/InP with y=2 .lx, is therefore 
the basis of long wavelength optoelectronic light sources and 
detectors. In addition, band structure and transport studies suggest 
that these alloys could be used to improve the performance of 
high-frequency microwave discrete devices and integrated circuits. 
For example, the high mobility and large drift velocity of 
Gao. 47Ino. 53AS make this material very promising for high frequency 
field effect transistors.
1.3 Crystal Structure
All III-V semiconductors crystallize into the zincblende structure in 
which an atom of one kind is surrounded by four equidistant nearest 
neighbours, of a different species, to form a regular tetrahedron. 
This structure can be described as two inter-penetrating face centred 
cubic lattices. A unit cell of this structure is shown in figure
1.3. Type III sites are at 000; 0 ^ » " 0  ; 0 and type V
^ 1 1 1 3 1 3  3 3 1  1 3 3  . _sites are at — — — ; — —  —  ; —  —  —  ; — —  — or vice versa. The4 4 4  4 4 4  4 4 4  4 4 4
{110} planes are the natural cleavage planes in III-V compounds. 
For Gax Ini_x ASy Pi-y, x is the fraction of type III lattice sites 
which are filled by Ga atoms and 1-x is fraction of type III lattice 
sites which are filled with In atoms; y is the fraction of type V 
lattice sites which are filled by As and 1-y is the fraction of type 
V lattice sites which are filled with P atoms.
1.4 Crystal Density
Unfortunately experimental data for some of the physical parameters, 
of the alloy Gax Ini_x Asy Pi-y (y=2.1x) grown lattice matched to 
InP, is not available. In the absence of direct experimental data 
one must resort to an interpolation procedure to determine the 
quaternary material constants from those of the binary compound
constituents. The parameter considered in the present study is 
crystal density. It is noted that Adachi[l] has considered a range 
of parameters relevent to transport and band structure analysis. The 
alloy Gax Ini-X Asy Pi-y is thought to be composed of four binary 
compounds; InAs, InP, GaAs and GaP. Some quaternary material
parameters (Aq) can be obtained from the four binary parameters 
AinAs/ Ajnp, AcaAs and AcaP/ by using Vegard's relation,
A = (l~x) jyA_ , + (l-y)A_ 1 + xfyA „ + (l-y)A 1 1.2q v ' L InAs InPJ r GaAs v 1 GaP]
The crystal density of the quaternary alloy, p(x,y), can be obtained 
by the weighted fraction of the densities of the component binary 
compounds in accordance with the interpolation scheme given above 
i.e.
p(x,y) = (1-x) [ypInfts + (l-y) p ^ ]  + x[y p ^  + (l-y) PGap] 1.3
The density and the lattice parameters of the four binary compounds
which make up the quaternary alloy are given in table 1.1. The
variation of crystal density with alloy composition, calculated from 
equation 1.3, is shown in figure 1.4.
Table 1,1- Density ( p ) and lattice constant 
(a) of GaAs, InP, InAs, GaP
GaAs InP InAs GaP
P(g/cm3) 5.307 4.787 5.667 4.130
a (S) 5.654 5.869 6.059 5.451
1.5 Lattice Mismatch
The lattice parameter, ag, of Gax Ini_x Asy Pi_y may be obtained by 
an interpolation of the binary data in accordance with equation 1 .2 . 
Therefore,
= (1-x)I y a + (l-y) a 1 + xjya,, , + (l-y) a 1 1.4Q L InAs InPJ L GaAs ' * ' GaPJ
To grow Gax Ini_x Asy Pi-y lattice matched to InP the condition for 
lattice match is given to a first order by y=2.1x. For the ternary 
Inl-x As * y=l in equation 1.4 and therefore the condition for 
lattice match to InP is x=0.47. Lattice matching is necessary to 
minimise misfit dislocations which are generated to relieve misfit 
strain at the epilayer-substrate interface. These dislocations act 
as non-radiative recombination centres leading to degradation
effects. The amount of lattice mismatch for the quaternary alloy 
corresponds to the ratio of the difference in the lattice parameters 
(aQ-ajnP )/aInP« Th® extent of the lattice mismatch for the bulk 
material can be obtained experimentally by X-ray diffraction
techniques[2 ].
1.6 Scattering Mechanisms
The electron mobility in GalnAsP alloys is limited by several 
electron scattering mechanisms which may be grouped into three main 
categories: (i) Ionized impurity scattering, (ii) phonon scattering
and (iii) alloy scattering. Ionized impurity scattering arises from 
the scattering of an electron in the Coulombic field of an ionized 
impurity atom. Ionized impurity scattering is temperature dependent. 
At low temperatures the electrons have a small energy and so the 
ionized impurities are able to scatter the electrons strongly but as 
the temperature increases the electrons obtain a greater energy and 
are less sensitive to the Coulombic field of the ionized impurity. 
Phonon scattering is the scattering of electrons by their interaction 
with the thermally generated vibrations of the atoms of the crystal. 
Such vibrations decrease as the temperature is reduced. Alloy 
scattering is due to short range compositional disorder in the 
distribution of Group III and Group V atoms on their respective 
sublattices. It is characterised by an alloy scattering potential 
AUq for electrons such that AUe( in eV) is a measure of the magnitude 
of the fluctuations in the crystal periodicity caused by the atomic 
distribution variations. The mobility limit due to alloy scattering, 
as derived by Littlejohn et al.[3], is
4 4
8 x 10 V2 ft *
T 1.5
where e is the electronic charge, m*e is the effective electron mass, 
S(a) refers to the degree of randomness, being unity when there is 
total disorder but becoming zero for a perfectly ordered structure 
and fJ is the volume of the scattering centre. In addition 
dislocations will scatter electrons by two mechanisms. Firstly, 
localised strains associated with dislocations will cause electron 
scattering, as discussed theoretically by Dexter and Seitz[4]. 
Secondly charges will collect at dislocations, which often act as 
acceptors due to the presence of dangling bonds and these charges 
will scatter electrons[5]. Analysis reported in the literature 
suggests that dislocation scattering becomes significant at 
dislocation densities in excess of 108 cm-2 at room temperature 
[4,5].
1.7 Epitaxial Growth Techniques
Gax Ini_x Asy Pi-y alloys lattice matched to InP can be grown by LPE, 
vapour-phase epitaxy (VPE), MOCVD and molecular beam epitaxy (MBE). 
Materials grown by LPE, MOCVD and MBE have been studied in the work 
reported here. LPE growth involves the deposition of an oriented 
crystalline semiconductor from a saturated or supersaturated liquid 
solution of the epilayer onto a single-crystal substrate of InP which 
provides favoured sites for nucleation and crystal growth. The 
incorporation of dopants into the epilayer is usually obtained by 
adding a small quantity of elemental impurity or indium + impurity 
alloyed together to the melt. The first LPE growth technique was the 
‘tipping* furnace in which contact between solution and substrate was 
achieved by tipping the solution (figure 1.5). The next stage in the 
development of the LPE growth technique was the introduction of the
vertical furnace, in which the substrate was 'dipped' into the 
solution. The most important improvement in the LPE growth system 
has been the introduction of the horizontal slider technique in which 
the substrate is brought into contact with the melt by a slider, 
figure 1 .6 . This technique incorporates multiple-bins which allow 
deposition of different types of semiconductor layers during one 
growth cycle.
In MOCVD and VPE use is made of reactions occuring between the 
vapours of chemical compounds when they are heated together. These 
reactions produce chemically active species that interact on the 
heated substrate surface to produce the corresponding epilayer. In 
chloride - VPE deposition is initiated by passing HCfi gas over the 
indium and/or gallium metal to form metal chlorides. The hydrides of 
the Group-V components (ASH3 and/or PH3 ) are then mixed with the 
metal chlorides at an elevated temperature to form an epitaxial layer 
on the substrate surface exposed to the gas stream. MOCVD utilizes 
vapours from metalorganic compounds as a source of the Group-Ill 
elements and hydrides as a source of the Group-V elements. For 
example, the growth of GalnAsP via MOCVD requires trimethylgallium, 
trimethylindium, arsine and phosphine. For both techniques the 
dopants are mostly introduced via the vapour phase as hydrides or 
metalorganic compounds (e.g. Zn(C2Hs>2 or H2S). There are a number 
of advantages in using MOCVD compared with chloride-VPE: (i)
Chlorides such as AfiCfi3 react with quartz at high temperatures 
thereby preventing the growth of ternary compounds like AfiGaAs. ( ii )
Hydrogen chloride gas etches GaAs and this causes problems of 
non-uniformity and doping in chloride-VPE reactors. (iii) MOCVD
offers rapid turn on of Group III species because there is no need to 
saturate a metal source as in chloride-VPE.
In MBE epitaxial layers are grown by impinging thermal beams of 
molecules or atoms on a heated substrate under ultra-high vacuum 
conditions. The molecular and atomic beams are generated by heating 
the consituent elements or compounds in separate crucibles known as 
effusion cells. Effusion cells filled with the appropriate doping 
elements provide the dopant atoms. Individual shutters in front of 
each effusion cell permit rapid changing of the beams impinging on 
the substrate in order to alter abruptly the composition and/or the 
doping of the growing layer. Since growth is carried out using 
individual atoms or molecules impinging on the surface of the 
substrate the epitaxial growth rate is relatively slow in comparison 
with other growth techniques and varies typically from about 0.1 to 
2/tfn/hr-. This slow growth rate allows very precise layer thickness 
control over a large area. However it becomes a liability when thick 
layers are required. The rapid control on composition afforded by 
the shutters coupled with the slow growth rate allows the growth of 
multilayer and superlattice structures with abrupt interfaces. 
However these are difficulties with the growth of phosphorous 
containing III-V compounds by MBE. These are related to the very 
low sticking coefficient of phosphorous. In situ monitoring of the 
growing layer is afforded in MBE via analytical facilities such as 
reflection high energy electron diffraction (RHEED). A RHEED 
arrangement consists of a 5-20 keV electron gun and a fluorescent 
screen. Since the electron beam is incident at a very shallow angle 
(1° to 4°) to the substrate surface the information obtained in RHEED 
patterns is derived from the first few atomic layers. RHEED patterns 
provide information on the morphology, symmetry and defect structure 
of the surface of the growing layer.
The various epitaxial processes are compared in table 1.2. From this 
table it is apparent that there is no ideal epitaxial process that 
meets all of the current or predictable requirements for device 
structures. However MBE and MOCVD show considerable promise for the 
future supply of complex epitaxial structures.
Table 1.2. Comparison of epitaxial growth techniques
Advantages Disadvantages
LPE Simple, low-cost apparatus. 
Good crystallographic 
epilayers. Versatile and 
gives quick results.
Area of growth limited. 
Morphology variable. Not 
suited for quantum well 
structures. Difficult to 
achieve very high purities.
VPE Capable of yielding large and 
thick areas of growth more 
readily than LPE. It has 
the ability to be scaled up 
for mass production.
Difficulties with the growth 
of AJI containing compounds. 
Crystallographic quality 
generally inferior to LPE. 
Apparatus more complex than 
LPE. Use of toxic gases.
MOCVD Suitable for quantum well 
structures. Capable of 
simultaneous growth over 
multiple substrates. 
Versatile process which is 
suitable for large-scale 
production.
Purity dependent on available 
precursors. Crystallographic 
quality not yet optimised. 
Equipment more complex than 
for LPE or VPE. Use of 
toxic gases.
MBE Low growth rate and excellent 
control of layer thickness 
makes the technique suitable 
for quantum well structures 
and superlattices. In situ 
characterization.
Difficulty of growing P — 
containing compounds. Limited 
area growth. Complex and 
expensive equipment. Not 
suitable for thick layer 
growth.
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Chapter 2
Literature Review
2.1 Introduction
Transmission electron microscope (TEH) examinations of III-V compound 
semiconductors are currently being widely performed. Such
investigations are typically concerned with crystallographic defects, 
interfacial microstructure, alloy clustering, compositional 
variations and precipitation. Where possible these microstructural 
studies are correlated with results from other techniques such as 
secondary ion mass spectrometry (SIMS), Rutherford backscattering 
(RBS) and Photoluminesence (PL) as well as electrical data. The main 
TEM imaging techniques used are two-beam (bright field and centred 
dark field), weak-beam and lattice-imaging combined with analytical 
facilities such as electron diffraction and energy dispersive X-ray 
spectroscopy (EDX). In this review chapter a detailed account will 
be presented on the relevant aspects of the work on the alloy system 
Gax Ini-x Asy Pi-y grown lattice matched to InP with y=2.1x together 
with discussions of relevant publications on other III-V systems such 
as GaA£As/GaAs. Initially work on the as-grown substrate material 
will be discussed because invariably the substrate quality influences 
the microstructure of the epitaxial layer.
2.2 As-grown InP Crystals
Indium phosphide is finding increased use in electronic devices. For 
example Fe-doped semi-insulating substrates with resistivities >107 n 
cm are required for the fabrication of InP field-effect transistors 
(FET*s) and n-type substrates, usually produced by tin-doping to give 
carrier concentrations of approximately between 10l7-10l8cm“3, are 
required for transferred electron microwave devices. In addition, 
indium phosphide substrates are necessary for the growth of lattice 
parameter matched epitaxial layers (see Section 1.2).
All of these applications require the growth of homogeneous InP 
single crystals with good thermal stability and crystal perfection. 
The single crystal slices necessary are usually cut from ingots grown 
by one of three growth methods, horizontal Bridgeraan, gradient freeze 
and liquid encapsulated Czochralski (LEC). The LEC technique, which 
was first reported by Metz et al.[9] was first applied to the growth 
of InP by Mullin et al.[10]. It is now the most widely used growth 
technique for InP (and GaAs) primarily because it permits the growth 
of large highly perfect crystals. The presence of structural defects 
such as dislocations, inclusions, stacking faults and precipitates 
within ingot material may adversely affect device performance. This 
is because substrates cut from the bulk will, in general, intersect 
some of these defects and subsequent growth of epitaxial layers can 
propagate faults from these intersections[8 ]. In considering the 
electrical and structural properties of InP single crystals an 
important variable is the dopant employed.
2.2.1 Electrical Considerations
*Undoped* InP is usually n-type with carrier concentrations in the 
range 10l5 to 5 x 10l6 carriers cm“3[ 11] and Hall mobilities greater 
than 25 x 103 cm2/V sec at 77K[12]. Doping with Group VI elements 
(S, Se, Te) yields n-type conduction whereas Group II elements give 
p-type material. This behaviour relates to the lattice site occupied 
by the dopant. The Group IV elements silicon, germanium and tin all 
give n-type conduction in InP[11] without the amphoteric behaviour 
observed, for example, for Si in GaAs. The role of C in InP is not 
understood at present[11].
A number of studies have been carried out to consider the doping of 
InP single crystals with the first long period transition metals Fe, 
Cr and Co with the intention of producing semi-insulating (high 
resistivity) properties . Initial work was centred around doping 
with Cr primarily because Cr-doped GaAs had been shown to have 
room-temperature resistivities of about 10® U cm[13]. However 
Cr-doped InP was found by a number of authors to result in room 
temperature resistivities of between 103 and 105 SI cm[14-16]. In 
contrast Fe-doped InP single crystals were found to show room 
temperature resistivities greater than 107 S2 cm[16,19]. This could 
be related to the low solubility limit of Cr in InP crystals which 
was reported by Straughan et al.[ 17] to be 1 0 atoms/cm3. It is 
noted that Lee et al.[18] reported a solubility limit of Fe in InP of
2.5 x 10I7 atoms/cm3. Mizuno and Wantanabe[19] reported that Fe 
behaved as a deep acceptor with an energy level located near the 
centre of the InP bandgap with an activation energy of 0.66ev. A 
detailed investigation by Iseler[16] indicated that the primary 
reason why Fe was more effective in creating high-resistivity InP was
because the Cr acceptor level was considerably closer to the
conduction band than the Fe acceptor level rather than because of
differences in solubility. For wide-bandgap semiconductors (such as
InP) containing excess residual donors (Nd*>0) very high
resistivities can be obtained by incorporating acceptor impurities
with levels located near the centre of the bandgap because the Fermi
level is shifted from the vicinity of the conduction band to the
vicinity of the acceptor levels thereby greatly reducing the carrier
concentration. The shift in the Fermi level is greatest for the
largest difference between the acceptor level and the conduction
band. With respect to Fe or Cr-doped InP ECOnduction_EFe (0.65eV) >
Econduction“ECr (0.39eV). It also increases as the ratio of the deep
acceptor concentration (N_ ) to the residual donor concentration No*
d
increases[16].
Preliminary results by Iseler[16] indicate that Co is also a deep 
acceptor in InP and can therefore be used to impart high-resistance 
properties in single crystal InP produced by the LEC technique. In a 
recent study [2 0] the electrical and structural characteristics of 
InP doped with a transition element from the second long period, 
namely ruthenium (Ru) were considered. They concluded that the 
amount of Ru which can be incorporated into the InP lattice is so 
low that the electrical properties of InP are relatively unchanged.
2.2.2 Precipitates in Doped LEC Grown InP Single Crystals
Single crystals of InP doped with transition metals and grown by the 
LEC technique often contain precipitates, particularly in the last 
part of the crystal to solidify since the dopant concentration is 
highest in this region.
Straughan et al. [ 17 ] reported that when the Cr concentration in the 
InP melt exceeds 0.3% by weight, a second phase CrP precipitates. 
Such observations were supported by Antypas[12].
Several groups[11,18,21-23] have addressed themselves to the problem 
of precipitation in Fe doped InP and identified the precipitating 
phase as a phosphide of iron. Fe concentrations higher than 0.2-0.3% 
by weight in the InP melt produce precipitates in the InP 
crystal[18,21,23]. There has been considerable discussion in the 
literature about the structure and chemical composition of the 
precipitating phase or phases. The initial work of Lee et al.[18] 
and Henry and Swiggard[21] reported three forms of precipitates 
namely whiskers, prismatic blocks and irregularly shaped lamallae. 
They concluded from SEM analysis using characteristic X-ray imaging 
and electron microprobe analysis that the whiskers and prisms were 
probably rhombohedral FeP whilst the lamellae were a mixed phase of 
unspecified Fe and P composition. Miyazawa and Koizumi[22] revealed 
precipitates with a hollow centre and rhombohedral cross-section 
similar to the prismatic blocks reported by Lee et al.[18]. Miyazawa 
and Koizumi [22] examined the Fe concentration in the precipitates by 
electron microprobe analysis and concluded from X-ray diffraction 
data that the precipitates were FeP2 . Rumsby et al.[ll] reported 
rhombohedral-shaped platelets and needle-like precipitates which were
identified by X-ray diffraction as FeP2 with a composition 
corresponding to 29.5 at%Fe rather than the stoichiometric 
composition of 33.3 at%Fe. A recent study by Smith et al.[23] 
employing SEM, EDX and X-ray diffraction has resolved some of the 
uncertainties in the literature. They report that all of the 
Fe-doped InP single crystals studied revealed precipitates with a 
needle-like appearance, a rhombohedral cross-section and a hollow 
centre after etching. According to their size and the section cut, 
these precipitates equate to the whiskers and prismatic blocks of Lee 
et al.[18], the hollow centred needle—like rods of Miyazawa and 
Koizumi [22] and the needle-shaped and rhombohedral-shaped platelets 
referred to by Rumsby et al.[ll]. Employing EDX and using X-ray 
diffraction on extracted precipitates they concluded that the 
precipitates were predominantly FeP2 in composition and structure but 
that some decomposition occurs by phosphorous loss so that the phase 
FeP forms within the FeP2 precipitates. Smith et al.[23] argue that 
the varying degrees of decomposition observed suggest that depending 
upon the temperature and pressure at which the precipitates form and 
their time in contact with molten InP it should be possible to 
produce precipitates which are either solely FeP2 , FeP2 partially or 
completely decomposed into FeP or, possibly, even further decomposed.
Harris et al.[24] have studied precipitates found in Co-doped single 
crystals of InP grown by the LEC method using SEM (both secondary and 
backscattered electrons), EDX and X-ray diffraction. They report 
two phases of cobalt phosphide. One of these phases they identify as 
the cubic C0P3 which they found to exist either as cuboids at and 
near to the surface of the crystal or as fine rods in a eutectic 
CoP3-InP mixture within the bulk of the crystal. They also observed 
a second phase in some crystals. This phase which was significantly
richer in Co was denoted as CoPx with y&2. In a subsequent 
publication by Smith et al.[31] this phosphide of cobalt was 
identified as orthorhombic C0P2 . Smith et al.[31] also showed that 
some of the C0P2 precipitates were partially decomposed and contained 
mixed regions of orthorhombic CoP and InP.
Precipitates which form in V-doped and Mn-doped single crystals of 
InP during LEC growth were investigated by Cockayne et al.[25,26]. 
They reported them to be the hexagonal phase, VP and the orthorhombic 
phase, MnP respectively.
Harris et al.[27] have studied Cu-doped InP single crystals grown by 
the LEC method and revealed phases additional to InP in the 
polycrystalline regions at the lower ends of the pulled crystals. 
These additional phases were confined to the grain boundaries and 
identified by EDX and X-ray diffraction as Cui.7ln (so called 
rj-phase), elemental In and CU3P (if sufficient Cu was added to the 
melt). This alloying behaviour of Cu in InP crystals is distinctly 
different from that observed for the first long period transition 
metals from V to Co where phosphide precipitates were readily formed. 
This was attributed by Harris et al.[27] to the lower stability of 
the copper phosphides compared with those of the transition metal 
phosphides from V to Co.
Ru-doped InP single crystals were studied by Cockayne et al.[28] who 
identified the presence of the orthorhombic phase RUP2 . They showed 
that in contrast to FeP2 and C0P2 precipitates in InP there is no 
evidence of decomposition at the edges of the RUP2 precipitates. This 
enhanced stability they argue reflects the greater affinity of Ru for
P than either Fe or Co, which may be expected because of the 
increased electro-negativity between P and elements of the second 
compared to the first long period.
In a study by Dutt and Brasen[29] Cd was diffused via an annealing 
procedure under P-rich conditions into undoped n-type InP grown by 
the LEC technique. Using TEM techniques they observed several 
precipitate phases some of which they suggested were the phosphides 
Cd3P2 and Cd7Pio* Cockayne et al.[30] have reported on the nature of 
precipitates in Ge-doped single crystals of InP grown by the LEC 
technique. Germanium doping being used to produce highly conducting 
properties as well as to strengthen the crystal by inhibiting 
dislocation formation[39]. The only precipitating phase observed by 
Cockayne et al.[30] was elemental germanium. The precipitation of 
elemental Ge rather than GeP was explained by Cockayne et al.[30] by 
assuming that GeP is very much less stable than the transition metal 
phosphides.
A summary of the various precipitation phases identified in doped-InP 
single crystals grown by the LEC technique is given in table 2.1.
Table 2.1 Precipitate Phases in Doped InP
Single Crystals grown by LEC.
Dopant Precipitate Phase Identified Reference
Cr CrP 12, 17
Fe FeP
FeP2
two-phase mixture of 
FeP2 and FeP
18, 21 
1 1, 22
23
Co CoP ] 
C0P2 ‘ 
C0P3
31
24
V VP 25
Mn MnP 26
Cu “H-phase (Cu^.yln) 
elemental In 
CU3P (if sufficient 
Cu added to the melt)
■ 27
Ru RUP2 28
Cd* Cd3P2 1 
Cd7Pio J
29
Ge elemental Ge 30
*Cd diffused via an annealing procedure under P-rich conditions.
2.2.3 Dislocations in LEC Grown InP Single Crystals
The control and/or elimination of the defects which can render InP 
unusable (such as twins and cellular structures) has allowed other 
defects, such as growth striations, facets and dislocation 
arrangements, to be studied in greater detail. For devices the most 
widely occurring and most pertinent of these defects are 
dislocations. These have attracted a great deal of attention in the 
literature particularly through the study of etch pits, revealed 
using a variety of chemical etchants by optical microscopy. Two such 
etchants are the H—etch[32], a mixture of hydrobromic acid and 
electronic grade orthophosphoric acid in the volumetric proportions 
1:2 and the AB—etch[33], a mixture containing lg chromium trioxide, 
8mg silver nitrate dissolved in 2cm3 of deionised water and 1 cm3 of 
47% hydrofluoric acid. Using these techniques, it can be shown that 
there are two basic types of dislocation arrangements in 
single-crystal InP grown by the LEC technique. These are 
dislocations generated by slip on the {111} - <110> systems when the 
thermal stresses developed within the growing crystal exceed the 
yield stress of InP[34] and dislocations which are present in 
clusters[35].
It has been suggested[8,36] that the dislocation clusters should be 
called "grappes" (from the French word meaning a cluster or bunch, 
particularly a bunch of grapes) since the terminology is descriptive 
of the appearance of the defects on etched surfaces. The term grappe 
will be used in this thesis. Cockayne et al.[35] have emphasised 
that the moisture content of the encapsulating boric oxide is a major 
factor in the occurrence of grappes. For example, their formation 
could be avoided by using vacuum-baked boric oxide and could be
encouraged by using moist boric oxide. Dislocations lying in slip 
bands and grappes can be found in both undoped crystals and crystals 
doped separately with Zn, Cr, Fe, Co, Ge, Sn or S at levels <10® 
atoms/cm3. However using a variety of techniques such as chemical 
etching, X-ray topography, TEM and transmission cathodoluminescence 
(TCL) it has been established that as-grown LEC InP crystals with 
concentrations of S, Zn or Ge ■ ■ >10!® atoms/cm3 are essentially 
dislocation-free[37-39].
The work on. InP with high concentrations of Zn dopant was performed 
by Mahajan et al.[38] and they observed using TEM that not all of the 
dopant atoms were in solid solution since some appeared to have 
clustered to form a high density (» 4 x 10® cm-3) of approximately 
rounded precipitates with an average size of -66 nm . Similar 
observations were reported by Brown et al.[39] in InP crystals with a 
high concentration of Ge dopant:- the precipitates had sizes 
-50-100nm and density-10® cm-3. The occurrence of these small but 
unidentified precipitates was associated with a marked reduction in 
the dislocation density suggesting that the precipitates axe 
associated with a hardening of the crystal. Such hardening could 
cause an increase in the yield stress of InP so that it becomes 
greater than the thermal stresses developed during growth which axe 
responsible for the formation of slip dislocations[39]. Slip 
dislocation formation may also be inhibited by lowering the 
temperature gradients in the growth environment [40 ] . No grappes were 
detected in the slip dislocation-free material produced by high 
levels of dopant incorporation even at high added moisture levels 
[41]. This supports the view of Augustus and Stir land [36] that the
presence of slip dislocations is a prerequisite for grappe formation. 
It should be mentioned that twin boundaries also act as nucleation 
sites for grappes[35].
Two basic types of grappes are now recognised from polarised 
infra-red microscopy studies and can be classified according to their 
core shape as either triangular or spherical types. TEM work by 
Cockayne et al.[41] and Augustus et al.[42] has shown that the 
triangular cores are platelets, a few hundred K's thick and with 
sides ranging in length from 2 to 5jmn. The platelets consist of 
complex networks of close packed dislocations. In TEM images the 
spherical cores are approximately circular clusters consisting of a 
dense and random tangle of dislocations with diameters between 5 and 
8jnn. Both core types can occur in close proximity and are often 
linked by dislocations or small dislocation loops. EDX analysis of 
the platelet regions in TEM by Augustus et al.[42] shows an increase 
in the In/P ratio at the core compared with the matrix ratio. No 
analytical studies of the spherical cores have been carried, out. 
Using the EDX results Augustus et al.[42] have proposed a model for 
the formation of grappe cores based on the association of the 
anti-site defect Inp with dislocation climb.
The importance of grappe defects to the operating performance of 
various devices has also been considered. Examinations of Sn-doped 
InP (n-type with carrier concentrations ~1017 to 103-8 cm-3) used as 
substrates on which epitaxial InP layers are grown by VPE, in order 
to make transferred electron effect devices, show that material 
containing grappes exhibits reduced breakdown voltages compared with 
grappe-free material[8 ]. Grappes occurring close to the surface of 
InP substrates used for the growth of GalnAsP double heterostructure
laser layers by LPE give rise to threading dislocations which result 
in nonradiative carrier recombination in regions of the active layer 
[44].
2.3 Spinodal Decomposition in GalnAsP Alloys
2.3.1 Thermodynamical Aspects
Spinodal decomposition is the segregation of a matrix such that small 
periodic fluctuations in composition occur everywhere within a 
sample. From a crystallographic point of view spinodal decomposition 
is a homogenous reaction. Most of the advances in the understanding 
of spinodal decomposition have come through the theoretical works of 
Hillert[48], Cahn and Hilliard[49] and Cahn[50]. The important 
features off the transformation in binary systems has been reviewed 
by Cahn[51].
Consider a binary alloy, Ai_xBx, then assuming constant temperature T
and pressure P the thermodynamics of such a transformation can be
considered in relation to the second derivative of the Gibbs free
energy G of the alloy with respect to the composition parameter x or,
equivalently, to the shape of the free-energy curve shown in
fa^Glfigure 2.1. The two points on this curve at which I— — I = 0 are the
3x
spinodal points. The spinodal points represent the limit of
metastability. A system is in metastable equilibrium if it is stable
for small compositional fluctuations but unstable for larger ones.
For compositions outside the spinodal points the curvature is
fa^ Gi
concave upwards and therefore 1— — I >0. Thus, in such regions, the
alloy is thermodynamically stable since any small composition
fluctuations will tend to increase G. For compositions between the
spinodal points, known as the spinodal region, the curvature is
fa2Gl
concave downwards and therefore — —I <0. Hence, in this region, the
ax
alloy is thermodynamically unstable since any small composition 
fluctuation will tend to decrease G. Decomposition inside the 
spinodal region is a process governed by diffusion up the gradient of 
concentration. Three factors determine whether spinodal
decomposition can occur in a given phase. First, the initial 
composition must lie in the spinodal region. Second, the gradient 
energy associated with the concentration gradients between the 
compositional regions must be supplied. Finally, when the 
composition changes the lattice parameter will change and therefore 
there will be an elastic strain energy associated with this, in order 
to maintain a one to one lattice matching, which must be supplied. 
Consequently for spinodal decomposition to take place the negative 
free energy change produced by the segregation must be greater than 
the sum of the positive elastic strain and gradient energies.
In spinodally decomposed alloys which are elastically anisotropic, 
the compositional fluctuations are considered to be promoted in the 
elastical-ly soft directions which minimize the elastic strain energy 
in the solid solution. That is, the modulated structures are induced 
in the direction [hkl] which has the smallest elastic coefficient 
Y[hkl]* After Cahn[50] the elastic coefficient is given by;
Y
[Well
3 _
C11 + 2 (2C44^11 ^ 12] [*V  + ^  "2 + n2'2]
2.1
where 5, m and n axe the directional cosines between the modulation 
direction [hkl] and the three cube axes. In cubic crystal structures 
the elastically soft directions are frequently <100> or <111> 
depending upon whether the factor 2C44 — C u  + C12 is positive or 
negative respectively where Cij are elastic constants of the crystal. 
Commonly the direction of composition modulation is <100>.
In most III-V ternary and quaternary alloys there is a critical 
growth temperature Tc (the temperature above which there is complete 
miscibility) below which spinodal decomposition occurs. Only when Tc 
is close to the usual growth tenperature, however, does one talk of 
the existence of a solid phase miscibility gap. Using thermodynamic 
arguments the existence of miscibility gaps have been proposed in the 
alloy systems Ga Asy Sbi_y[52,53], Gax Ini_x Asy Sbi_y[54] and A5X 
Gai-jjASy Sbi_y[53,55]. On the basis of thermodynamic calculations, 
using an intrinsic phase diagram model (i.e. one that does not take 
account of elastic strain induced by the substrate), de Cr6moux et 
al.[56], Stringfellow[58] and 0nabe[60] have calculated theoretically 
a miscibility gap in Gax Ini_x Asy Pi-y (y = 2.1x) alloys grown on 
(001) InP substrates by LPE between 0.5< y < 0.9 at a temperature of 
about 640°C. It is noted that this is close to the temperatures 
usually used for epitaxial growth. However this was in apparent 
contradiction with the fact that good device quality materials could 
be grown within this composition domain by LPE. It was argued that 
this discrepancy could possibly be resolved by including the lattice 
mismatch strain energy to derive an extrinsic phase diagram 
model[56]. Near lattice matching, any deviation of the epilayer 
lattice parameter ae from the substrate as increases the solid energy 
per unit volume by AG, such that
®L.'“ H" TS + * [(V  ae>/as]2 2.2
where H is the enthalpy of the soid solution, S is the entropy and ¥ 
is an elastic parameter. With this additional elastic strain energy 
term in the Gibbs free energy equation it was argued that the 
stability criterion was fulfilled at temperatures close to those used 
during epitaxial growth.
2.3.2 Review of TEM Investigations
The microstructure of spinodally decomposed metal alloys such as 
Ni—Ti[62], Cu—Ti[63,64] and Cu-Ni-Fe[65] is characterised by a 
modulated structure with an average wavelength of about lOnm along 
<100> type directions. In such studies, in which bulk specimens were 
quenched and subsequently annealed, the period of modulation 
progressively coarsened and became more pronounced as the annealing 
temperature and time were increased. Modulation wavelengths of 
between 80-150nm were observed for anneals of between 30-50 hours at 
500-600°C. Also, the yield stress progressively increased as the 
amount of decomposition increased.
A TEM study by H6noc et al.[66] on a series of LPE GalnAsP layers 
grown on (001) InP substrates at temperatures between 630-650°C and 
with compositions lying within the predicted intrinsic miscibility 
gap revealed in (220) dark-field images alternating bright and dark 
bands of strain contrast parallel to the [100] and [010] directions 
with a periodicity of about 70 nm. The bands were observed to lie 
simultaneously along both directions to generate a * basket weave* or
* tweedlike * pattern and they were coupled with a composition 
modulation by X-ray microanalysis. The measured variations in x and 
y values were as large as 0.1. H6noc et al.[6 6] also reported a 
smaller scale structure (5-15 nm) which they
indicated had no well-defined modulation direction - this has 
subsequently become known as ’speckle* contrast.
The results for the metallic alloys are interpreted in terms of 
spinodal decomposition resulting from atomic diffusion in the bulk 
solid phase immediately after growth. Such an explanation for the 
tweed contrast seems improbable because of the low soid diffusion 
rates in III-V semiconductors[6 6]. Hfenoc et al.[6 6] interpreted the 
tweed contrast in terms of an interfacial spinodal decomposition 
mechanism occuring during growth between the liquid and the growing 
solid where diffusion rates are higher. This suggestion has been 
supported by experiments performed by Launois et al.[70] which 
checked the relevancy of atomic diffusion during the cooling step. 
Following growth one sample was cooled slowly and another rapidly. 
The intensity and wavelength of the patterns were the same in both 
cases.
Several other authors have subsequently investigated LPE GalnAsP 
samples both with compositions lying within as well as outside the 
predicted intrinsic miscibility gap for the substrate temperature 
used[68-75]. Samples within the predicted intrinsic miscibility gap 
show tweed contrast with a periodicity of approximately between 100 
and 200 nm, the lines of contrast being parallel to <100> directions 
and speckle contrast with a periodicity of about 15 nm. Samples 
outside the predicted intrinsic miscibility gap show speckle contrast 
only. Mahajan et al.[72] speculated that the long-period
microstructure had an unexpectedly long periodicity for diffusion 
-limited spinodal decomposition and suggested that the speckle 
contrast was more consistent with contrasts normally associated with 
spinodal decomposition. Glas et al.[68,69] and Launois et al.[70] 
unambiguously established that the long wavelength microstructure was 
associated with a composition modulation. For a Gax Ini_x Asy PjL-y 
sample, grown by LPE lattice matched to InP, the Ga/As and P/As 
ratios were found to change by ± 4% while the In/As ratio remained 
constant within statistical error[69]. Also, the measured
composition variations were demonstrated to be independent of the 
diffraction conditions employed for imaging. The speckle structure 
had too fine a scale for reliable STEM microanalysis.
Treacy et al.[75] have considered the origin of the image contrast of 
the long wavelength microstructure in detail. They show that the 
contrast is well explained by diffraction effects arising from 
lattice plane bending in thinned specimens, such as would be induced 
by elastic relaxation of shear stresses accompanying a quasi-periodic 
modulation in lattice parameter. It was emphasised that in 
spinodally decomposed alloys distortions in local unit cell 
dimensions change appreciably in going from a bulk to a thin film 
specimen because of elastic relaxation near the surfaces.
Recently, Chu et al.[78] have reported the presence of a coarse 
contrast, which may be related to the long wavelength structure, in 
VPE GalnAs and by the use of cross-sectional TEM showed that such a 
contrast became stronger near the interface. Also a long wavelength 
microstructure has been reported in VPE GalnP grown on GaAs at about 
750°C[74].
Glas et al.[69] first reported that the speckle contrast assumes a 
streaky nature perpendicular to the operating g-vector in g = <400> 
dark field images. In a latter publication Glas et al.[77] studied 
the contrast behaviour of the speckle in more detail. They noted 
that in g = <220> dark field images the contrast displays in places 
preferential orientation along [100] and [010] directions. Also, for 
s = 0, the contrast is reversed between 400 and 400 dark field images 
and for g = 400 the contrast is reversed between s and -s. Gowers 
[67] made TEM studies of MBE Gao.52 ln0.48 p and Gao.46 ln0.54 As 
epilayers grown on (001) GaAs substrates and a LPE Gao.27 ln0.73 
Aso.63 Po.37 epilayer grown on a (001) InP substrate. He reported 
that the TEM images for all three types of epilayers showed a fine 
granular structure on a scale of about 10 to 30nm. No long 
wavelength microstructure was reported. Gowers demonstrated using a 
strain model that this fine-scale speckle was consistent with 
periodic fluctuations in composition or lattice parameter due to 
short range ordering (clustering). He adopted a specific atomic 
model to represent this periodic lattice parameter variation and TEM 
image calculations based on the dynamical theory were performed for 
the GalnP layer in order to predict the amount of contrast that might 
be expected. Good agreement with experiment was obtained by assuming 
a lattice parameter variation of Aa/a ~ ± o.4%, this corresponded to 
the composition varying from Gao.45 In0.55 p Ga0.55 In0.45 
Support for Gowers model is discussed in Section 6.3.2. The speckle 
contrast has been seen in GalnAs grown by LPE, MOCVD and MBE[74,77]. 
Ueda et al.[76] have also reported the speckle structure in GalnAsP 
and GalnP epilayers grown lattice matched to (001) GaAs substrates by 
LPE at 780°C.
2.4 Alloy Clustering in Gai_x Alx As Compound Semiconductors
Petroff et al.[79] and Wang et al.[80] have reported alloy clustering 
in Gai_x Alx As (0.15 < x < 0.5) epitaxial layers grown by MBE on 
(110) orientated GaAs substrates at a temperature of 600°C. Kuan et 
al.[81] reported similar results for Gai_x Alx As (0.25 < x < 0.75) 
epitaxial layers grown by MOCVD and MBE on (110) and (100) orientated 
GaAs substrates at temperatures between 650°C and 800°C.
In the work of Kuan et al.[81] the ordering was detected by the use 
of TED patterns. The TED patterns showed extra reflections that 
should be forbidden in a disordered or random state and which 
indicate that certain sites in each unit cell are preferred by Ga 
atoms and others by A1 atoms. The extra reflections obtained from 
Gai_x Alx As layers grown on (110) - orientated GaAs substrates were 
of a stronger intensity them those obtained from layers grown on 
(100) - orientated GaAs substrates. This ordering was seen to reveal 
itself in BF cross-sectional TEM images of Gai_x Alx As layers grown 
on (110) orientated GaAs substrates as striae of alternating bright 
and dark lines normal to the growth direction[79-81]. The width of 
each image line was about 0.5nm. This line contrast was interpreted 
to be from segregated AfiAs and GaAs (or highly Afi-rich and Ga-rich) 
monolayers. The stacking of these segregated monolayers was found to 
deviate from strict periodicity along the growth direction. Such TEM 
contrast is very similar to that obtained from artificially 
fabricated monolayer superlattices of GaAs and AfiAs[84,85].
2.5 Degradation
High reliability is necessary for GalnAsP/lnP double heterostructure 
(DH) lasers and light emitting diodes (LED's), emitting in the 1.0 to 
1 .6pm region, if they are to be used as long wavelength light sources 
for long haul and undersea optical fibre transmission applications. 
GaAiLAs/GaAs devices emit between 0.6 to 0.9pm and are intended for 
short wavelength optical communication applications.
2.5.1 GaAIAs/GaAs Lasers
A considerable amount of work has been carried out to understand the 
degradation behaviour of opto-electronic devices based on the Gai~x 
AlxAs/GaAs system[ 86-97]. It is now well accepted that
non-luminescent areas (non-radiative recombination areas), as 
revealed by electroluminescence (EL) topography, fall into two 
categories; (i) dark line defects (DLD's) and (ii) dark-spot defects 
(DSD’s). In EL patterns there are two types of dark-line defects, 
<100> DLD’s and <110> DLD’s. TEM studies have revealed that each DID 
is a three-dimensional network of dislocations[86-89]. Dislocation 
networks associated with DSD’s are smaller and are frequently 
accompanied by small dislocation loops[97]. The dislocations that 
form the networks associated with DLD’s are highly jagged and 
usually lie parallel to a (100) plane. They are frequently elongated 
in the <100> and <210> directions. Petroff and Hartman[8 6] have 
shown these networks originate at dislocations present in the 
as-grown device. Since most dislocations have both edge and screw 
character the growth of these networks involves both glide and climb.
There is considerable discussion in the literature on the detailed 
mechanism by which propagation of these networks occurs, see Casey 
and Panish[98] for a review of this discussion.
2.5.2 GalnAsP/lnP Lasers
The first TEM reports of the degradation behaviour of opto-electronic 
devices based on the GalnAsP/lnP system were by Ueda et al. [99-101]. 
The lasers studied were aged by operating for 100 hours with a 
package temperature of 200°C and a diode current of 100mA. They 
reported that after ageing some light-emitting diodes revealed dark 
defects (non-radiative regions) in EL images obtained from the active 
region. They were classified into two types according to their 
shape: dark-spot defects (DSD's) and cross-shaped dark-line defects 
(C-DLD's). The DSD's were often observed, while the C-DLD's were 
very rarely observed. The DSD's were about 2-3pm in diameter and 
their darknesses were different from each other. Such DSD's in EL 
patterns were correlated with bar-shaped precipitates in TEM images. 
These precipitates were oriented along <100> and <110> directions and 
were between 0.5 to 1 .0pm long. Since the precipitates showed no 
anomalous spots in selected area electron diffraction patterns and 
contained no unaccounted for peaks in the EDS spectrum they were 
believed to be composed of one or more kinds of host atoms.
The C-DLD's observed in EL patterns were found to correspond to 
cross-shaped defect (CD's) seen in TEM images. In TEM such defects 
had one "core" and four "arms". The core had the strongest contrast. 
The arms were found to lie along <100> directions. The width of the 
arms was about 1pm near the core region and became progressively
smaller at increasing distances from the core. The arms had several 
branches. Both the arms and branches were wavy. No anomalous spots 
and streaks were observed in the diffraction patterns. Furthermore 
these cross-shaped line defects were found to consist of two kinds of 
defect under careful TEM examination: small dislocation clouds and 
fibrous defects which were thought to be bundles of dislocations. 
EDS spectra from the CD’s produced larger normalised ratios of the 
InLa—line to GaKac-line and the PKa—line to AsKcx-line compared with 
EDS spectra from the matrix region. Ueda et al.[100,101] suggested 
that these CD’s were generated by the local melting of In-and/or 
P-rich inclusions that existed at the interface between the InP 
buffer layer and the GalnAsP active layer during operation at high 
temperatures. For diodes containing C-DLD’s the output power 
decreased by 30-40% and large leakage currents were observed after 
100 hours of operation.
Wakita et al.[104] have investigated dark spot defects revealed in 
the EL patterns of degraded GalnAsP/lnP DH lasers, which were 
operated for 150 hours at room temperature with a current density 
of 10kA/cm2 and a junction temperature of about 250°C. From EL 
patterns they were able to say that the number of DSD’s observed in 
the active layer was between 5 to 30. The DSD’s were about 1 to 3pm 
in diameter and they increased in number and size as degradation 
proceeded. Using TEM they found that such DSD's corresponded to 
platelike precipitates lying in the {111} planes and to dislocation 
loops elongated along <110> directions. The dislocation loops were 
associated with and located below the precipitates. Such defect 
structures were quite different from those reported by Ueda et 
al.[99-102].
Petroff et al.[105] have reported that non-luminescent regions can be 
introduced by optical excitation in Gai_x Alx As epilayers and that 
the microstructural features thus introduced are similar to those 
observed in lasers degraded by long operating times (> 100 hours). 
Following on from this Mahajan et al.[106] have reported the 
behaviour of optically-induced degradation in Gax Ini_x Asy Pi-y 
(x = 0.25, y = 0.54) epilayers grown on (001) InP substrates by LPE. 
The luminescent areas were degraded using either a Nd-YAG or Kr laser 
(Ap = 1064 or 647nm) at power levels of lO^-ioS w/cm2 . They found 
that the degraded regions contained dislocation bundles, which were 
either aligned parallel to <110> or <100> directions and dislocation 
networks some of which were on {111} planes. They concluded that 
these features develop by non-radiative recombination enhanced glide 
of threading and inclusion-generated dislocations which are present 
in the layer when grown.
Endo et al.[109] made life tests on GalnAsP/lnP DH lasers and found 
that while most devices tested exhibited stable operation over -2000 
hours several showed rapid degradation. In order to clarify the 
cause of the degradation , they examined the degraded devices by SEM 
in the electron beam induced current mode. In all of them, one or 
two <110> dark line defects (DLD’s) were observed in the stripe 
region. They found by TEM observations that these <110> DLD’s relate 
to dislocations. No dislocations were found in the wafers with thick 
GalnAsP contact layers indicating that thick GalnAsP contact layers 
suppress dislocation generation.
The possible effect of alloy clustering on the long term reliability 
of GalnAsP/lnP lasers is discussed in Section 6.3.2.
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Chapter 3
Experimental Techniques
3.1 Specimen Preparation
Plan-view TEM specimen preparation techniques looking both at the 
epilayer surface and at various depths into the epilayer have been 
developed. These have been complemented by the development of a 
cross-sectional TEM specimen preparation technique combining 
mechanical and chemical thinning as opposed to using conventional ion 
beam thinning.
3.1.1 Plan-View Specimens
Samples with dimensions ~(2x2)mm were cleaved along (110} planes. The 
samples were then glued with the epilayer face down onto a 
glass-slide using molten yellow dental wax and two glass-slips of 
thickness ~150pim placed on either side for support and thickness 
definition. The glass-slide was attached to a metal block to 
facilitate easy handling. This arrangement is shown in figure 3.1. 
The InP substrate was then mechanically polished down to the 
thickness of the glass slips using first fine grade SiC paper (1200 
grit size was used) and then 3pun and lpun diamond lapping compound. 
The diamond polishing stage was frequently interrupted to inspect the 
surface finish of the sample using an optical microscope. The
samples were then removed by melting the wax and cleaned in 
trichlorethylene held at a temperature of about 50°C for -15 minutes 
using a hotplate.
For the next step the samples were mounted with the epilayer face 
down onto a teflon stud (-lcmxlcm )using lacomit. The lacomit was 
carefully brushed onto the sides of the specimen to achieve the 
arrangement shown in figure 3.2. This arrangement protects the edges 
of the sample and prevents any possibility of the epilayer from being 
attacked during jet-chemical thinning. The teflon stud containing 
the sample was next mounted onto the rotating shaft of the 
jet-chemical thining system using vaseline. The jet-chemical 
thinning system is shown schematically in figure 3.3. A 5% 
bromine-methanol etch was used. During thinning the burette tap was 
arranged to allow a slow dripping of the etching solution onto the 
rotating sample. A burette orifice diameter of about 0.7mm gave good 
results. The teflon shaft was free to rotate inside the plastic 
beaker and was held at -30° to the normal to allow etch drainage into 
the plastic beaker. Specimen rotation ensures that the etched 
depressions axe approximately hemispherical sectors centred about the 
axis of rotation. If the jet is centred exactly at the point of 
rotation the sides of the depression are steeper than if the jet is 
located near the periphery of the specimen. A specimen was etched 
right through until a hole was just visible. In order to prevent 
over-etching, once a hole was observed, the burette tap was rapidly 
closed and the sample flooded with methanol from a wash-bottle. A 
low magnification TEM image of a typical hole produced by 
jet-chemical thinning is shown in figure 3.4. Once the jet-thinned 
samples had been removed from the teflon stud using acetone they were 
cleaned in methanol and Arklone. The samples were then mounted into a
purpose designed aluminium *cup’ using silver dag. The design and 
dimensions of this cup are shown in figure 3.5. The cup thickness 
satisfies the requirements of the single and double tilt holders for 
the Philips 400T and JEOL 200CX microscopes. The cup also satisfies 
the requirement of energy dispersive X-ray spectroscopy (EDX). 
During analysis materials in the immediate vicinity of the sample 
must be of a low atomic number to minimize interference with spectra 
from the sample (see Chapter 4). III-V alloy semiconductors are very 
brittle and the use of this cup minimizes the dangers of breakage. 
TEM observations of damage in InP induced during handling of thinned 
TEM specimens has been discussed by Comer [110]. He reported two 
kinds of damage, these were microcracks on {110} cleavage planes and 
dislocation clusters.
To extend the above technique to acquire TEM plan-view information at
various depths into the epilayer, the epilayer thickness must be
known to within at least ±0.1fim. This was achieved by looking at
samples edge-on in the scanning electron microscope (SEM) operated,
if necessary in the backscattered mode, typically at an accelerating
voltage of 21kV. This enables the substrate and the epilayer to be
clearly distinguished. Figure 3.6 shows typical edge-on SEM images
of GalnAs grown on InP by MOCVD. The epilayer and substrate are
clearly discernable giving an epilayer thickness of 2.3jxm to within
±3%. Similar images were recorded for LPE Ga I n __0.03 0.97
As0 07Pq 93^InP 5111(3 IlPE Ga0 47Ino 53As/InP‘ making a montage of 
such micrographs one can investigate epilayer thickness uniformity.
Having established the epilayer thickness a wet-etching technique was 
used to etch into the epilayer. The requirement was for a 
comparatively low etch rate thereby allowing close control of the 
epilayer depth etched away.
The etch composition 1H2So4:1.2H202:50H20 was calibrated at a 
temperature of 20±1°C for undoped GalnAs grown lattice matched to InP 
by MOCVD. Four test samples were cleaved to dimensions ~(1.5 x 3)ram. 
The samples were then mounted on a microscope slide with the 
substrate face down using lacomit varnish. Part of the epilayer of 
each sample to be etched was masked with lacomit to provide a step in 
order to measure the etched depth. The lacomit was allowed to dry for 
about six hours. The mounted test samples were then placed into a 
beaker containing a freshly prepared etching solution maintained at a 
temperature of 20±1°C using a water bath. The lacomit was removed 
upon etching using acetone. Optical microscopy showed the etched 
epilayer surfaces to be free of etch pits and scratches. The etched 
depth was measured using a Talystep which could achieve an accuracy 
of ±0 .01;un. Figure 3.7 shows a Talystep profile obtained from one 
such sample. Figure 3.8 shows etch depth against time, from which 
the etch rate of 0.085/im/min ( ±12%) was deduced.
In the etching action H2O2 acts as an oxidising agent while H2S04 
dissolves the oxide. The oxidation step is electrochemical in nature 
and relies on the availability of minority carriers at the surface. 
Hence the etch rate will vary according to the doping level of the 
epilayer and the level of illumination - since infra-red radiation of 
wavelength <1.65/zm at 300K will generate electron-hoie pairs at the 
surface of Gao.47Ino.53As. However little information on these 
variations has been published. Nishitani and Kotani[lll] have
reported that the etch rate increases linearly with increasing H2O2 
content and is independent of the ratio of H2SO4 and H2O2 content 
when etching LPE InP grown lattice matched on InP substrates. 
Ferrante et al.[112] etched numerous compositions of LPE GalnAsP 
grown lattice matched on InP substrates and reported that the etch 
rate increased with increasing amounts of Ga and As in the epilayer.
Having etched into the epilayer to the required depth the samples 
were prepared for plan-view TEM imaging in the manner already 
described.
3.1.2 Cross-Sectional Specimens
3.1.2.1 Introduction
In a cross-sectional orientation, the substrate, the epilayer and the 
interface between them can be imaged either simultaneously or 
individually. This makes the preparation of cross-sections for TEM 
an invaluable technique in the study of the microstructure of 
semiconductor materials and devices. Especially for the new 
generation of multilayer devices where the volume of material that is 
near the interface is a much larger fraction of the total volume of 
material. In such devices interfacial behaviour could possibly 
dominate or control the properties of interest.
The most widely used cross-sectional TEM specimen preparation 
technique involves mechanical polishing followed by ion beam thinning 
using Ar+ ions at an energy of 3 to 5 keV. Ar+ ion thinning is time 
consuming, frequently leads to ridged and pitted surfaces and
radiation damage is always a possibility. Moreover artefacts due to 
specimen heating may occur, particularly in compound semiconductors 
where a volatile constituent element may be preferentially lost 
during milling. Another element in the compound can then accumulate 
on the sample surface, generally in the form of discrete, minute 
islands. This effect is particularly prevalent in III-V systems 
containing In such as InP, where preferential loss of phosphorous 
leads to the surface accumulation of metallic In in the form of In 
islands. These islands dominate the contrast making any 
microstructural studies impossible. Because of such problems Chew 
and Cullis[113-115] have suggested the use of reactive 1+ ion milling 
and reported cross-sectional TEM micrographs of InP free from 
metallic In islands and other ion-milling artefacts. This they 
suggest is probably due both to the enhanced In sputtering yield 
compared to Ar+ ion milling and also to the significant volatility of 
In iodides which can form by reaction on the bombarded surface. An 
alternative method is to adopt a chemical thinning approach. Such an 
approach was first reported by Fletcher et al.[116] and elaborated 
upon by Chu and Sheng[117]. A compartively simple means of preparing 
cross-sectional TEM specimens based on mechanical and chemical 
thinning was used for the work reported in this thesis. The 
technique was found to be reproducible and devoid of the specimen 
preparation artefacts associated with Ar+ ion milling.
3.1.2.2 The Chemical Thinning Technique for Cross-sections
Two samples were cleaved to dimensions ~(2x2)mm. Cleavage was 
performed with the epilayer surface face down to avoid any damage to 
the epilayer. The two samples were glued tightly together epilayer
to epilayer using a cyanoacrylate glue ( RS No. 554-901). A tight 
bond is required with no glue visible to ensure that in subsequent 
mechanical thinning the epilayer edges are not damaged. They were 
then mounted between two glass slides of thickness - lmm on another 
glass slide which was held on a circular bakelite holder. Molten 
yellow dental wax was used as the adhesive. This arrangement is 
depicted in figure 3.9. Glass slides on either side of the 
cross-sections serve the dual purpose of thickness definition and 
support for the cross-sections. The cross-sections were then 
mechanically thinned, by hand, down to the thickness of the 
supporting glass slides using 1200 grit SiC paper with water as the 
lubricant. Subsequent thinning and polishing was performed using a 
Pedemax Planopol (Struers) polishing machine. Such a machine has the 
facility to polish six samples per run and so is very economical in 
time. By experiment an optimum thinning menu was formulated, this is 
detailed in table 3.1.
Table 3.1. Menu for Polishing on a Pedemax Planopol (Struers) 
machine.
BASE SiC DP-DUR DP-DUR DP-DUR
GRAIN 1200 6 im diamond spray
ljzm diamond 
spray 1OP-SSuspension
LUBRICANT Water RED RED
SPEED (rev/min) 300 150 150 150
PRESSURE (N) 30 30 30 30
TIME (approx) 
minutes
1 5 10-15 2
The initial stage involves thinning with Sic to ensure a truely flat 
surface for subsequent polishing. The polishing sequence comprises 
of polishing with 6jmi and l^ ra diamond spray, as supplied by Struers, 
on a DP-DUR base for about 5 minutes and between 10 to 15 minutes 
respectively. This is followed by treatment with OP-S suspension for 
about 2 minutes. With care the surface quality achieved is such that 
the join between the two epilayers is only just visible in the 
optical microscope. The specimens were then immersed for a few 
seconds in a solution of 1 j 19 bromine in methanol, to remove any 
remnants of surface damage due to mechanical polishing. The 
cross-sections were then turned over and mounted between two glass 
slips of thickness ~150^m in a manner similar to that already 
detailed. The above mechanical thinning and polishing sequence was 
then repeated. The polished cross-sections of about 150jim in 
thickness, supporting glass slips and glass slide were removed as a 
unit from the bakelite holder and prepared for jet-chemical thinning 
using the bromine-methanol etch composition noted above. For this 
purpose the specimen edges were protected with lacomit varnish in the 
manner shown in figure 3.11 and the arrangement mounted onto a teflon 
stud using vaseline. The bromine-methanol drops were targeted at the 
epilayer-epilayer interface to generate a hole whose edges were 
electron transparent and contained the epilayer-substrate interface. 
Figure 3.10 shows a low magnification TEM micrograph of such a hole. 
When a hole had been produced the lacomit varnish was removed using 
acetone. To dissolve the wax the etched cross-section with glass 
slips and glass slide were placed in warm (~50°C) trichloroethylene 
for ~30 minutes. The free cross-section was then mounted in an 
aluminium cup using silver dag.
3.2 Transmission Electron Microscopy
Much of the work discussed in this thesis was performed using a JEOL 
200CX TEM operated at 200kV, although the Philips 400T was also used 
particularly with respect to the work of k-factors (see Chapter 4). 
For imaging microstructural features a two-axis (double) tilt holder 
was used. A two-axis tilting stage allows a specimen to be readily 
orientated so that a specific reflection can be used to produce an 
image. Quantitative information about the microstructure was 
obtained by correlating selected area diffraction patterns (SADP) 
with the associated images.
The imaging techniques employed were bright field (BF), centred-dark 
field (CDF), stereo-microscopy and (g,3g) weak-beam (WB). In a BF 
image the objective aperture is placed to form the image using the 
transmitted beam. In a CDF image the strongly excited diffracted 
beam which travels along the optic axis forms the image. 
Stereo-microscopy provides a three-dimensional picture of the field 
of view. The technique involves taking micrographs of a given 
microstructural feature at different settings of specimen tilt while 
maintaining the same operating reflection. In the (g,3g) WB method 
an image is obtained from g, which is weakly diffracting and lies on 
the optic axis, while 3g is diffracting strongly. Compared to the 
two-beam technique the WB method offers improved resolution, 
typically yielding dislocation image widths of about 15&.
For a more comprehensive discussion on TEM, including the imaging 
techniques, the reader is referred to Hirsch et al.[118] and the 
Edington series[119].
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Chapter 4
Determination of k-factors for 
Quantitative X-ray Microanalysis
4.1 Introduction
Thin film quantitative X-ray microanalysis involves the use of 
kAB-factors to relate measured X-ray intensities from elements A and 
B to their concentration'. Historically k-values have been presented 
relative to Si or Fe. There is a need to determine k—factors more 
pertinent to the III—V semiconductor area. In this respect k—factors 
have been determined experimentally and theoretically for Ga, As and 
P relative to In. Before giving a detailed account of their 
determination X-ray production and detection will briefly be 
discussed.
4.2 X-ray Production
X-ray microanalysis require the generation of characteristic X-ray 
radiation from a specimen by ionising the atoms within the specimen. 
In the electron microscope this ionisation is caused by the primary 
electron beam which must have suficient, energy to remove an electron 
from one of the inner shells of the atom concerned. The energy 
required for ionisation is termed the critical excitation potential 
Ec which varies from one shell to the next for a specific atom, being
greatest for the K-shell. Generally maximum efficiency of X-ray
production is achieved when the condition Eq > 2.7EC is satisfied, 
where E0 is the energy of the incident primary electron beam.
Bremsstrahlung, continuum or white radiation arises as a result of 
deceleration of the primary electron beam in the field surrounding 
the nucleus and inner shell electrons. The amount of energy lost 
covers a continuous range from zero up to the initial energy of the 
primary electrons. Bremsstrahlung X-rays constitute the background 
upon which the characteristic peaks are superimposed as shown in 
figure 4.1. The detected spectrum differs from the generated one as 
X-rays below -1.5 keV energy are absorbed in the EDS detector (see 
Section 4.3). In quantifying the chemical information in the 
characteristic peaks it is necessary to substract the background 
contribution.
The intensity, iAj/ of a characteristic X-ray peak, j, generated 
when an electron beam interacts with an element, A in a thin foil is:
C_ Q_ . w_ . a_ . t :
I = constant -------------3—  4.1
where is the concentration in wt% of element A; A& is the atomic 
weight of element A; Qm  is "the ionization cross-section, for the 
atomic shell i (i = K, L or M-shell), of an atom of element A; u^i is 
the fluorescence yield of the atomic shell i of element A; ajyj is the 
relative line intensity factor of the characteristic peak j (e.g. 
Kcx), of element A, which is being measured and t is the foil 
thickness. The ionization cross-section is the probability that an 
electron with a given energy causes the ionisation of a particular
atomic shell of a particular element in the specimen. The 
fluorescence yield is the fraction of ionizations that results in 
X-ray emission. The relative intensity factor is the fraction of the 
total X-ray emission from a series i (K, L, M) which is due to a 
particular line j (e.g. Ka, La). For the Ka-line it is expressed as 
I(Ka)/I(Ka+K/3) where I is intensity.
4.3 X-ray Detection
All X-ray microanalysis was carried out using a solid state energy 
dispersive (EDS) Si(Li) detector. A schematic representation of such 
a detector with associated electronics is shown in figure 4.2. Thin 
layers of gold are necessary on both surfaces of the detector so that 
the bias potential can be applied. The beryllium window is necessary 
to prevent contaminants from the specimen chamber of the microscope 
from condensing on the very cold surface of the detector. For such 
detectors the efficiency for Ka X-rays is poor for the lightest and 
heaviest elements and best in the range Z «= 20-40, figure 4.3. Low 
X-ray energies (Z < 11) can not be detected because the X-rays are 
not able to pass through the thin protective beryllium window, 
although increased sensitivity can be achieved by using 'windowless' 
detectors. High energy X-rays (from the heaviest elements) pass 
straight through the detector without being stopped. The choice of 
spectral line therefore depends on the element being detected.
4,4 Principles of Quantification of Thin Film X-ray Spectra
There are two methods of performing thin film quantitative analysis. 
The first makes use of the continuumradiation and is principally of 
interest for organic materials. The second technique gained 
popularity following the work of Cliff and Lorimer[129] and is known 
as the ratio method. This is the technique used by Link Systems in 
their software package RTS-2 which is in use at Surrey. RTS-2 being 
a suite of programs which permits the calibration and quantification 
of thin-film X-ray spectra.
4.4.1 The Ratio Method
In the ratio method the characteristic X-ray peak intensities above
background, IAj and Isj# of two elements in a thin foil are measured
simultaneously and their ratios determined. This intensity ratio is
CA
related directly to the concentration ratio ~  of the two elements in 
the volume analysed through a correction factor. Using equation 4.1 
the ratio of characteristic X-ray intensities from elements A and B 
is given by
= \  IAj
S ' V ° “> M " X 3 rBj
which is commonly written as:
where k^g is the so-called "correction" factor often termed the 
Cliff-Lorimer k-factor. This factor is independent of variations in 
specimen thickness provided the 'thin film criterion' is satisfied. 
X-rays generated within the analysed volume can be attenuated or 
enhanced by the processes of absorption and fluorescence. These 
effects are generally small in thin film microanalysis but they can 
become significant for thick foils. The 'thin film criterion' 
provides a guide to when these effects should be taken account of. It 
says that if these effects are less than 5% they may be ignored. 
Goldstein et al.[130] have shown that k-factors decrease with 
increasing operating voltage. Since IA and Ig are measured 
simultaneously their ratio is independent of fluctuations in beam 
current. For multi-element samples use is made of the fact that
Z C = 1 aa,b,c.
4.4.2 K-factor Determination
There are three ways available to determine k-factors using RTS-2. 
Firstly to calculate the values from first principles or 
alternatively determine them experimentally using either virtual 
standard peak profiles (peak profiles prepared by the manufacturer) 
or user prepared peak profiles. K&g ~ factors relative to In for Ga, 
As and P were determined by all three techniques to facilitate 
comparison.
4.4 * 2.1 Theoretical Determination
To calculate k-factors from first principles the equation given below 
was used,
k - [ViV^B
M [ViV^A ^ ‘
where rj represents the EDS detector efficiency. The calculation of 
each terra will now be considered.
Many theoretical expressions for the ionization cross-section can be 
found in the literature. In RTS-2 the Green and Cosslett[131] 
formula is used,
Q . b l n J O i
E U c
where Ec is the ionization energy for the K, L or M shell in keV, U 
is the overvoltage ratio Eq/Ec and b is a constant for a particular 
shell. In this approximation b is calculated for the K-shell and is 
adjusted for the L and M shells in the proportion? b£,a4bK and bm0c9bk. 
This formula, as used in RTS-2, has not been corrected for 
relativistic effects. The fluorescence yield in RTS-2 is calculated 
by the formula:
Z4
0) = ------—  4.6
(a + Z )
where a = 106, 10® and 1.24 x 10® for K, L and M series lines
respectively and Z is the atomic number. To calculate the relative 
line intensity factor the recently published equations of Schreiber
and Wims[132] are available. In RTS-2 the relative line intensity 
factor is not used in the calculation of k-factors. Namely, the 
k-factor calculation assumes that the entire K or L series is used 
for intensity measurement. The detector efficiency terms take into 
account the X-ray absorption in the beryllium window of the detector, 
the silicon dead layer, the gold layer and also the transmission of 
X-rays through the detector. The silicon dead layer is inherent in 
the detector design and refers to the p-type region of the p-n 
junction which forms the detector. For a given element A the 
detector efficiency was calculated using the equation
nA = exp -eaBe pBe fcBe exp AuPAu ^Au
_ . - .
iA r -,A
exp
-[p]si P s i  t j 5 i
• 1-exp -f—] p t lpJsi Si detector
L J
4.7
where p/p are the respective mass absorption coefficients for X—rays 
from element A in Be, Au and Si, p are the densities of Be, Au and Si 
and t are thicknesses of the Be window, Au contact layer, Si dead 
layer and active layer thickness of the detector. The detector used 
in the work discussed here had thicknesses of 7. 5pm for the Be 
window, 0.1pm for the Si dead layer, 0.015pm for the Au contact layer 
and a active layer detector thickness of 3mm.
4.4.2.2 Experimental Determination
To determine k-factors experimentally analysis is carried out on a 
thin foil specimen containing preferably only elements A and B. The 
specimen must be of known composition and stable under a high voltage 
electron beam. Assuming the specimen fulfills the thin-film 
criterion (see Section 4.4.1) the k-factor can be determined from 
peak areas using s
CA
CB. Area,.L A] J
where B is the ratio standard element e.g. In.
To determine peak areas spectra can be processed in one of two ways 
in RTS—2, either using virtual standard peak profiles or user 
prepared peak profiles. Such peak profiles are used as reference 
peak shapes for the elements and are prepared from standard spectra. 
This approach offers the advantage over the "windows" technique in 
that no assumptions are made concerning either the shape of the peaks 
or the background. Virtual standard peak profiles are profiles 
supplied by Link Systems Limited. They were obtained at 
20eV/channel. The program also contains k^si values computed using 
lOOkV. To allow comparison k-factors were determined using both user 
prepared profiles and those supplied by Link Systems Limited.
4.4.3 Absorption Correction
If the thin-film criterion is not satisfied then a correction for the 
absorption of X-rays within the sample must be made. Including the 
absorption correction the k-factor is given by:
k = AB
[ca ] lIsJArea,.L A}J (absorption correction} 4.9
Using RTS-2 the absorption correction for a thin foil of density p 
and thickness t was determined using the relation,
absorption
correction
§
B
1-exp j- ^pt Cosecaj
1-exp j- ^pt Cosecaj
4.10
where j is the mean mass absorption coefficient for radiation from 
a particular element, a is the X-ray take-off angle and the term 
tCoseca is the absorption distance. The absorption distance is the 
path length for X-ray absorption within the specimen as shown in 
figure 4.4. In RTS-2 the X-ray take-off angle is determined from a 
knowledge of the sample geometry shown in figure 4.5 according toi
Coseca =
SinT CosE CosA + CosTSinE 4.11
where the angles T*, E* and A* are defined in figure 4.5 and relate 
respectively to the incident beam direction, specimen normal and the 
detector position. For all analysis the values of T*, E* and A* were 
respectively 30°, 7° and 0°. it should be noted that specimens
prepared by jet-chemical thinning have a hemispherical etch profile. 
Such profiles lead to additional absorption effects if specimens are
loaded in sample holder with the epilayer face down. To avoid such 
effects specimens were mounted in the sample holder with the epilayer 
face up.
To determine the absorption correction using RTS-2 a knowledge is
required of the sample density, thickness and composition. The
density of III-V ternary and quaternary systems can be established by 
an interpolation of III-V binary compound data as discussed in
Section 1.4. The foil thickness was determined using the CBED 
technique (see Section 4.5.4). The RTS-2 package can also be used 
to calculate the spread of the electron beam when it leaves a single 
element foil from the formula,
Z p1^ 2 3/2b = 625 —  --t/Z 4.12E A o
where t is the foil thickness, E0 is the accelerating voltage, p is 
the sample density, and b is the beam broadening. While this
equation is not immediately applicable to multi-element specimens it 
does demonstrate that maximum X-ray spatial resolution will be 
obtained for thin foils, high accelerating voltages and elements with 
low atomic numbers.
4.4.4 Fluorescence Correction
Characteristic X-rays on passing out of a specimen may excite other 
atoms and cause secondary ionisations giving rise to further X-ray 
emissions. Alternatively secondary ionisations may be caused by 
bremsstrahlung photons generated in the specimen. These effects are
referred to as X-ray fluorescence. However fluorescence due to 
bremsstrahlung X-rays is likely to be small in thin foils while that 
from characteristic X-rays will only he important if the radiation 
which is of sufficient energy to cause the effect is heavily 
absorbed by the specimen. In comparison with the absorption 
correction the fluorecence correction, which has not been studied in 
detail, is likely to be small[133].
4.5 Analysis Considerations
X-ray microanalysis was carried out on a Philips 400T transmission 
electron microscope fitted with a Si(Li) X-ray detector. Specimens 
mounted in an Afi-cup were held in a Be low-background holder to 
minimize fluorescence from the holder. All X-ray spectra were 
collected at 120 kV with a filament emission current just under 15*iA 
and electron probe diameters -200nm. The settings used on the pulse 
processor (Model 2010) were a processing time of 20^sec and a 
spectrum display range of 0-20 keV at 20eV per channel. This range 
covers all the L and K X-rays up to ruthenium. The processing time 
controls the rate of data throughput and the resolution. The well 
defined CuKa peak at 8.04 keV was used to calibrate the spectrum 
display range prior to an analysis session. Theoretical calculation 
of k-factors was based on using the In L-line and the P, Ga and As 
K-lines. Experimentally, with respect to P (Z-15) the Ka and Kp 
X-ray peaks could not be resolved satisfactorily by the EDS detector 
so the combined Ka and Kp intensity was used. For In (Z=49) the 
L-shell X-rays are efficiently excited and detected and it is 
customary to use the combined La and Lp intensity. In relation to Ga 
and As the L-line emissions are not efficiently detected since they
are of low energy (Ga La = 1.096 keV, AsLa = 1.282 keV) and therefore 
the combined Ka and K/3 intensity was used. The energies of the X-ray 
peaks used are shown in table 4.1. It should be noted that Kp and hp 
intensity is low, so that the increase in X-ray counts obtained by 
integrating the "full shell" intensity is likely to be small.
Table 4.1: Properties of Elements Ga, As, In and P.
Element Atomic No. Z Atomic Weight:A 
grams per mole
Peak Energies keV
Ka K/3
Ga 31 69.72 9.251 10.263
As 33 74.92 10.543 11.725
P 15 30.97 2.015 2.136
La L/3
In 49 114.82 3.286 3.487
4.5.1 Profile Preparation
A spectrum used for profile preparation must have the peaks of 
interest well separated from the surrounding peaks - a separation of 
approximately 600eV between peak centroids has been taken for profile 
preparation. Figure 4.6 shows peak profiles prepared for Ga, As, In 
and P . Binary LEC grown materials readily available at Surrey were 
used for profile preparation, Plan-view electron transparent 
specimens were prepared by jet-chemical thinning. The As and In 
profiles were prepared using an InAs spectrum. The P profile was 
prepared using an InP spectrum. Preparation of the Ga profile was 
attempted using a GaAs spectrum. Due to the overlap of the AsKa peak 
with the GaKp a corrupt Ga profile of the form shown in figure 4.7
was obtained. Deconvolution of the InAs spectrum from the GaAs
spectrum gave a spectrum with no AsKa contribution. This spectrum 
gave the Ga profile shown in figure 4.6(a).
4.5.2 Statistical Error
Since the generation of X-rays from a sample is a random process the 
number of counts collected in any peak over a fixed period of time 
will vary about a mean value. Therefore when acquiring X-ray data 
from a sample it is advantageous to obtain as many, counts in the
characteristic peak as possible in order to minimize statistical
error. The errors in microanlysis have been taken at the 3cr level, 
where a is the standard deviation of the number of counts, N*. If the 
peaks are assumed to be Gaussian, then oWN*. Hence,
3-/N*
% Error = x 100 4.13
The error in the ratio Ia/Ib is the sum of errors in the intensities 
of element A and B. For the peaks of interest erros due to counting 
statistics of between 2-4% were normally obtained.
4.5.3 Sample Composition in Weight %
In the ratio method the concentration of an element is expressed as a 
weight percentage. For an alloy of the type Gax Ini_x Asy pl-y the 
parameters x and y are mole fractions. Hence the weight percentage 
of element v, Wtv% (v = Ga, In, As or P), can be determined from the 
expression;
N A v vwt % = — —  x 100 v VT. 4.14
where Mv * number of moles of element v.
Av - relative atomic mass of element v (grams per mole)
Wt = total weight of alloy (grams)
i.e. Wp =• Nin Ain + Np Ap etc., as required.
The atomic weights of elements Ga, In, As and P are shown in 
table 4.1. Using the above expression the compositions of LEC InP, 
LPE Gao.47 Ino .53 As LPE Gao.03 1^0.97 Aso.07 p0.09 were
determined in Wt% as shown in table 4.2.
Table 4.2: Composition of Standards
Weight Concentration 
of Element expressed 
as a percentage (%)
MATERIAL
LEC InP LPE Gao. 471*10.53As LPE Gao.03ln0.97 
Aso.07Po.93
Ga - 19.44 1.42
In 78.76 36.11 75.50
As - 44.45 3.56
P 21.24 - 19.52
4.5.4 Foil Thickness Determination by Convergent Beam Diffraction
To determine the absorption correction it was necessary to know the 
foil thickness. Several methods for measuring the foil thickness 
have been suggested in the literature, they vary both in complexity
and accuracy. The most accurate of these is the convergent beam 
diffraction (CBD) technique which was first reported by Kelly et al. 
[134].
If a converged beam of electrons (<40nm in diameter) is focussed onto 
a crystalline specimen the diffracted spots in the back focal plane 
of the objective lens will become discs. If the specimen is in a 
2-beam diffraction condition Kossel-Mollenstedt fringes will be 
observed in the transmitted and diffracted discs. These fringes are 
caused by the variation in incident beam angle across the converged 
probe leading to variations in the deviation from the exact Bragg 
angle across the discs. After Kelly et al. [134] the minima in the 
fringes will occur when;
Where Si is the deviation of the i-th minimum from the exact Bragg 
angle, £g is the extinction distance, t is foil thickness and ni is 
an integer. Equation 4.15 can be written in the form:
fs 1 ■ •JL + 1 1
n. n. €
. i. . i. . g.
Values of Si can be obtained by measuring the parameters A©i and 2©b , 
which are defined in figure 4.8, directly from a photographic 
negative via the equation:
n.JL
2
4.15
X A9.S. 1 4.17
1 d2
hkje
where A is the electron wavelength and d is the interplanar spacing 
for the operating reflection (hkfi) employed.
The interplanar spacing may be obtained from table 5.2. The CBD 
patterns were obtained on a JEOL 200CX TEM using an accelerating 
voltage of 200kV. At 200kV the relativistically corrected wavelength 
is 0.0251 ft.
If a graph of
S.
n 
ij
2
is plotted against / 2 then a straight line with
ni islope V .  2 intercepting the ordinate at ~/ /I is obtained/ as
shown in figure 4.9. If Cg is known then the best straight-line fit 
with the known slope is required for varying assignments to the 
values of n^. With respect to III-V binary, ternary or quaternary 
systems no values for £g are available in the literature. In the 
light of this they were determined from first principles by the 
author, on the assumption that these alloys have random atomic 
distributions. These calculations are detailed in the Appendix.
It is necessary to choose convergent beam patterns with 2-beam 
conditions where the interplanar spacing d < 1.5ft[134]. For LEC InP 
and LPE GalnAs g = 040 was used which has d = 1.4668ft. Thickness 
determination was performed with the aid of a computer program in use 
at Surrey which was written by Dr. P. Budd[135]. The CBD patterns 
obtained from the LPE GalnAs and LEC InP samples used for k - factor 
determination are shown in figure 4.10. The results of the thickness 
determination are detailed in table 4.3.
Table : 4.3 Convergent Beam Thickness Results
Sample
INPUT DATA 
A = 0.025lft; do40 = 1.4668ft
Thickness nm
Spot spacing 
20g mm
Fringe Spacings 
©i mm
Extinction 
distn. £o4()ft
LEC InP 19.5 1.3, 2.1, 2.8 920.9 301.96
LPE GalnAs 28.5 2, 3.2, 4.2 852 295.31
4.6 Results
4.6.1 Calculated kj\jn-factors using RTS-2
The k^in (where A = Ga, As or P) factors obtained by theory using 
RTS-2 are detailed in table 4.4. The calculated detector efficiency 
term is also given.
Table 4.4; Calculated kin-factors using RTS-2
XAIn
k-factors 
without 
detector
efficiency
Detector
efficiency
% /
A
k-factors
with
detector
efficiency
kPIn
3c
Gain
ASIn
0.61
1.079
1.242
1.104
0.917
0.915
0.663
0.989
1.137
4.6.2 Experimentally Determined kAin“factors
To determine kpjn, kcaln and ^Asln experimentally LPE Gao.47Ino.53As 
and LEC InP were used. The composition of these materials in wt% has 
been detailed in table 4.2. Spectra collected from the matrix of 
these samples were processed using both virtual standard peak 
profiles and user prepared peak profiles. The peak areas obtained 
from an X-ray spectrum of a LPE Gao.47Ino.53 As and a LEC InP sample 
with associated statistical errors are shown in table 4.5. The k^in 
factors obtained from these peak areas using equation 4.9, without 
absorption correction, for both virtual standard and user prepared 
peak profiles are shown in table 4.6. From a knowledge of sample 
composition, density and thickness of foil the absorption correction 
was determined using RTS-2. The determined absorption correction 
together with the ' corrected' k^in-factors are shown in table 4.7. 
The extent of the absorption correction was also calculated for foils 
of different thickness, table 4.8. Clearly the effect is most 
pronounced for foils of thickness £ 400nm. The error associated with 
the 'corrected* kAin-factors is about 5-7% and depends principally on 
the uncertainty in the peak areas. An additional source of error in 
the kcaln and kAsIn_factors may be the compositional inhomogeneity of 
the GalnAs matrix on a scale ~10nm due to the speckle contrast (see 
Chapter 6 ).
Table 4.5: Peak areas from LPE Ga_ ^In _ As and LEC
---------------------  0.47 0.53
Iri P for k , k and k 
0.5 0.5 Pin Asln Gain
determination with associated % Error.
Sample Element
Peak areas using 
virtual standard peak 
profiles.
±% Error
Peak areas using 
user prepared peak 
profiles.
±% Error
GalnAs Ga 6183 ±3.8 5827 ±3.9
GalnAs In 13060 ±2.6 11930 ±2.7
GalnAs As 11395 ±2.8 11542 ±2.8
InP In 25602 ±1.9 23420 ± 2
InP P 9121 ±3.1 8496 ±3.2
Table 4.6: k^^-factors without absorption correction
XAIn k-factors using VSPP* 
(± Error)
k-factors using UPPPA 
(± Error)
kPIn
k __ Gain
kAsln
0.755 ± 0.038 
1.136 ± 0.073 
1.411 ± 0.076
0.742 ± 0.039 
1.102 ± 0.073 
1.272 ± 0.070
* VSPP - Virtual standard peak profiles 
A UPPP = User prepared peak profiles
Table 4.7: k -factors with absorption correction--------- Ain
kAIn AbsorptionCorrection
k-factors using VSPP 
(± Error)
k-factors using UPPP 
(± Error)
W 1.097 0.688 ± 0.034 0.676 ± 0.035
k„
Gain 0.920
1.235 ± 0.079 1.198 ± 0.079
kASIn 0.922 1.530 ± 0.083 1.379 ± 0.076
Table 4.8: ^/absorption correction for k -factors
--------- Ain
1/absorption
correction
for kAin
Thickness nm
100 200 300 400 500 600
k
Pin 0.969 0.940 0.911 0.886 0.861 0.838
k _rGain
1.029 1.058 1.088 1.119 1.149 1.179
kAin 1.029 1.057 1.086 1.116 1.145 1.176
4.7 Discussion
From the results it is clear that there is reasonable agreement 
between both experimentally and theoretically determined 
kftin-factors. It is possible to argue that kAjn-factors obtained 
with user prepared peak profiles are the most accurate since the 
spectrums for profile preparation and kAin_factor determination were 
obtained under the same analysis conditions. To check the accuracy 
of these k-factors X-ray microanalysis was preformed on a sample of 
known composition, LPE Gao.03 In0.97 As0.07 Po.93 was used. The 
composition of this sample in wt% is shown in table 4 .2 . The peak
areas obtained using the user prepared peak profiles are given in 
table 4.9. The concentration ratio's using the known sample 
composition together with those calculated using the kAin-factors 
(obtained by experiment with user prepared peak profiles and 
corrected for absorption) are shown in table 4.10. Comparison shows 
that within experimental, error the two sets of ratio’s are 
consistent.
Table 4.9: Peak areas from LPE Gao.031^0.97 Aso.07p0.93
using user prepared peak profiles
Element Peak Area 
( ± % Error)
Ga 184 ±22
In 12961 ±2.6
As 461 ± 14
P 4532 ±4.4
Table 4.10: Concentration Ratio’s for LPE Gao.03In0.97As0.07p0.93
c»
r ratio from known p ratio calculated*
In
matrix composition
In
from k, -factors Ain
C
P
p 0.259 0.236
In
CGa
Cln
0.019 0.017
C2VS
CIn
0.047 0.047
* CA 1^ HAIn determined experimentally with user
-—  = k -—  ; prepared peak profiles and corrected for
In n In absorption.
From table 4*6 it is apparent that for the same spectra, virtual 
standard profiles give peak areas which are greater than peak areas 
obtained with user prepared profiles. The result is an overestimate 
of k^jn-factors compared to k^jn-factors obtained with user prepared 
profiles, tables 4.7 and 4.8.
It is clear from table 4.5 that k^in factors calculated using RTS-2 
are less than the experimentally determined values. Although the 
extent of the discrepancy is relatively small for kpin. With respect 
to the underestimation the following points need to be considered. 
Alternative expressions exist for the parameters used to determine 
kAin theoretically and agreement between calculated and experimental 
data is critically dependent upon which of these theoretical models 
are chosen. There is an uncertainty in L-line cross-sections. 
Theoretical k-factors are influenced by the assumptions made with 
regard to the physical parameters in the EDS detector. The 
characteristic X-ray energies for the P K and In L-lines investigated 
in this study are below ~4 keV. In this energy range the EDS 
detector is about 80% efficient. Therefore any inaccuracies in the 
calculated values for tj will affect the value of k^in*
The kAin-factors obtained with user prepared peak profiles have been 
shown to be accurate. Interpolation of these may be desirable to 
obtain k-factors for applications in III-V systems not containing In. 
Such interpolations can be performed according to the relationships.
kGain
"GaAs k. 0.869 or k 1.772 4.18
'Asln
However errors in interpolated k-factors are likely to be larger than 
in those directly determined by experiment.
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Chapter 5
Precipitate Formation in Heavily Doped 
Gap.Q3 lno.97 Asp,07 Pp.93 and Gap.47 Ino.53 As 
Grown by LPE
5.1 Introduction
High resistivity, lattice matched GaxIni_xAsyPi_y with y = 2.1x and 
y = 0.07, was grown by LPE on a semi-insulating Fe-doped InP
substrate at S.T.L. The high resistivity was achieved by heavily 
doping the material with Mn and Ge. This alloy was preferred to high 
resistivity InP because it was easier to grow with good morphology 
and freedom from surface terracing. Both p and n-type layers of the 
quarternary alloy were produced and Hall measurements showed that in 
all cases the mobility was surprisingly high in view of the large 
values of ionized impurity scattering to be expected (Shantharama et 
al.[137]). Since one explanation lies in the possible formation of 
precipitates involving Mn and Ge an electron microscope study of 
these layers was undertaken. Precipitates of various sizes and 
morphology were observed some of which could be explained by iron 
diffusion from the substrate into the epilayer. Other precipitates 
rich in Mn were also observed. The only published work, known to the 
author, on precipitation in heavily doped LPE GalnAsP layers is by 
Ueda et al.[138]. Occasionally dislocations and dislocation loops 
were also observed.
The work was extended to a study of the microstructure of a Mn and Ge 
co-doped GaxIni_xAs (with x ~ 0 . 4 7 )  epilayer grown by LPE on an 
Fe-doped InP substrate. Contrast consistent with precipitates was 
observed, however the morphologies of these precipitates were very 
distinct from those identified as iron-phosphide in G a o ,0 3 I n 0 . 9 7  
^0.07^0.93* No dislocation loops were observed in this case.
Prior to considering the work on precipitation in heavily doped 
Ga0 . 0 3 I n 0 .9 7 A JS0 . 0 7 p 0 . 9 3  Gao. 4 71 no .5 3 As in detail the mechanisms
by which precipitates are seen will be discussed.
5.2 Precipitate Visibility
A second phase particle embedded in a matrix can be imaged through 
strain contrast, by the difference in structure factor between 
precipitate and matrix or by orientation contrast. The conditions 
for seeing precipitates by these mechanisms axe briefly discussed 
below.
5.2.1 Strain Contrast
The effect of the strain field of the precipitate is to disturb the 
condition of dynamical equilibrium between total incident and 
diffracted wave amplitudes <t>o and <J>g by the introduction of the local 
lattice rotation parameter /3g* given by:
where g is the reciprocal lattice vector and R+ is a vector 
describing the displacement of the lattice due to the imperfection.
Assuming the precipitate to be an isotropic misfitting sphere in an 
infinite isotropic matrix, the lattice displacements have been shown 
to be purely radial (Mott and Nabarro, [139] ) and given by:
5.2
5.3
where rQ is the radius of the particle and e is the misfit strain.
Diffraction contrast theory predicts that no contrast arises from an
imperfection giving a displacement R if the scalar product g-R = 0.
If a particle has a purely radial strain field there must, for any
4-particular direction of g, be a 'line of no contrast' where g-R = 0 
(figure 5.1).
Precipitates with a spherical strain field show one of two types of
images under two-beam conditions depending upon the magnitude of the
2 2
parameter Pg = SJer0 /£g (McIntyre and Brown [141]).
3
er + o
R^ = — —  outside the particle
R* = er inside the particle
(i) If Ps < 0.2 the images consist of small (image diameter 
typically < 0.3£g) black/white lobes in both bright and dark 
field. The vector I joining the centre of the black lobe to 
that of the white lobe on the positive print is always parallel 
to g. However, the sign of fi varies according to the depth of 
the precipitate in the foil. Precipitates located at certain 
foil depths also show a black dot contrast in BP.
(ii) If Ps > 0.2 the images are much bigger than for the case with Ps 
< 0.2, typically image diameter is about £g. All precipitates 
except those within £g of the foil surface show black/black 
lobes with a 'line of no contrast' that is always perpendicular 
to g. In BP and DP precipitates within ~£g of the foil surface 
exhibit black/white lobe images. The black/white lobe images 
are identical in BF and DF for precipitates at the top of the 
foil but opposite at the bottom.
Quantitative information relating to the sense of the strain field 
for Ps > 0.2 precipitates relies on using the black/white lobes of 
precipitates near the foil surface. A CDF image of an area 
containing black/black lobes with a few black/white lobes is 
obtained. Then g points from black to white lobes for a vacancy
strain field and vice versa for an interstitial strain field.
5.2.2 Structure Factor Contrast
This contrast arises when a coherent precipitate has a different 
structure factor from the matrix and hence a different extinction
Pdistance. If £ and £ are the relevant extinction distances in
9 S
the particle and matrix respectively and t is the foil thickness 
then Ashby and Brown [142] have shown the precipitate contrast will
3 7 1 5be white at t/£ = —, —, etc., and dark at t/£ = —, —, etc.,g 4 4 g 4 4
when £ > £p. Light and dark images are reversed if £^ > £ .
g g g g
WIn BF micrographs white thickness fringes occur at t/£^ = 0,1,2 etc.
t 1 3 5 wwhile dark thickness fringes occur at ---- —, —, — etc., where £
w 2 2 2 g
g
is the effective extinction distance given by;
1
£ W = £ /(l + W )2 5.4
g g '
where w = s£^and s is the deviation from the Bragg angle.
w P
If w = 0, then £ = £ . Hence if £ > £ dark thickness fringes in
g g g g
BF will start with dark particle images and finish with white parti­
cle images, figure 5.2.
5.2.3 Orientation Contrast
Orientation contrast occurs when the foil is oriented so that a 
certain set of lattice planes in the precipitate is diffracting 
strongly whereas the matrix is diffracting weakly or vice versa. The 
contrast is then of a uniform dark or light nature and can only arise 
when there is appreciable difference betwen the crystal structures of 
the matrix and the precipitate i.e., the precipitate must be 
incoherent or semicoherent at least.
5.3 Electrical Characteristics and Growth
Lattice matched layers of Gao.03In0.97As0.07p0.93 were grown by LPE 
on Fe-doped InP substrates of {100} orientation at a growth 
temperature Tg = 615 °C. Mn is considered to be a suitable
compensating dopant for the production of high resistivity materials 
because it is a relatively deep acceptor in InP and alloys with low 
values of y. Ge is a shallow donor in these materials. Mn was 
favoured because other acceptor dopants suffer from various 
disadvantages. These drawbacks are high vapour pressure (Cd, Zn), a 
high affinity for oxygen (Mg, Be) and toxicity (Be, Cd). Ge was 
added to the growth melt in the form of a Ge-In mixture prepared by 
dissolving Ge in indium. Mn was added in a similar way by preparing 
a mixture of Mn + In. Materials with four different levels of Ge 
doping, but with a fixed Mn doping level, were investigated; these
are listed in table 5.1 (materials A to D) together with details of 
their electrical characteristics from the work of Shantharama et 
al.[137]. The amount of Mn and Ge is given as the amount of dopant 
per gm of In in the melt.
The Mn and Ge co—doped Gao.47Ino.53As sample was grown at the SERC 
central research facility at Sheffield. The epilayer was grown 
lattice matched to an Fe-doped InP substrate of (100} orientation at 
a growth temperature of 659°C. The amount of Mn and Ge in the melt 
from which the sample was grown together with its electrical 
characteristics is detailed in the last row of table 5 .1 .
Table 5.1 Details of Specimen Doping and Electrical Characteristics.
Material
Dopant
in
in mg/g 
melt
Majority
carrier
Carrier
concentration
Mobility
cm2V~1s~1
Mn Ge type cm-3
A 0.00344 0 P 6 .3 x 10I5 139
B 0.00344 1.91 P 2.5 x 10*5 136
C 0.00344 2.668 P 6.0 x 10*5 121
D 0.00344 3.792 n 1.0 x 1017 500
GalnAs 0.0196 15 n 1.0 x 10l8 82
5.4 Experimental Considerations
In the case of G a o . 0 3 I n 0 . 9 7 A s 0 . 0 7 £>0 . 9 3  plan-view TEM studies were 
primarily carried out on samples of material A, B and D together with 
cross-sectional studies of material B. The cross-sectional specimens 
were thinned by Ar+ ion-milling at 3 keV following mechanical 
polishing# with the help of Dr. U. Bangert. Edge-on SEM using a S250
Cambridge Stereoscan was used to establish the thickness of these 
epilayers as ~ 1 .2pm. With respect to Gao.47Ino.53As only plan-view 
TEM studies were performed.
Profiles showing the redistribution of Mn# Ge and Fe during epitaxial 
growth were produced by Loughborough Consultants Limited using 
secondary ion mass spectrometry (SIMS). In the technique of SIMS the 
sample being analysed is continuously bombarded by a beam of ions. 
Ions sputtered from the sample surface are mass analysed using a mass 
spectrometer.
5.5 Results
5.5.1 Gap.Q3lnp.97&SQ.07p0.93
5.5.1.1 Plan-View Data
Precipitates were observed in all of the material types studied. 
Although frequently individual precipitates were relatively small 
(typically < 0.1 pm in size) several different types of precipitate 
morphology were clearly identifiable and in certain instances, 
well-defined configurations of groups of precipitates were seen. 
According to size# shape and strain field the observed precipitates 
may be classified into seven distinct types. These classifications 
are defined and illustrated below prior to discussing the results for 
each material type in detail. It is noted that different conditions 
of formation will give a wide range of precipitate types and 
therefore these classifications are intended only as guidelines.
(i) Linear arrays of very small precipitates, closely spaced, often 
contiguous and showing strain contrast. Figure 5.3a shows an 
example of such precipitates from material type A. They were 
most commonly observed in material A and occasionally in B and 
D.
(ii) Precipitates in well-defined linear arrays but widely spaced and 
exhibiting strong strain contrast. They were observed only in 
materials A and B and figure 5.3b shows an example from material 
A.
(iii )Arc-shaped arrays of small precipitates, closely spaced and 
showing weak strain contrast. An example of such precipitates, 
from material type B, is shown in figure 5.3c. Only 
occasionally observed in materials B and D and never in material 
A.
(iv) Isolated precipitates, which are rounded or irregular in 
morphology, <0.5pm in size and which exhibited only very weak 
strain contrast. These precipitates were observed in all 
materials and figure 5.3d shows an example from material B.
(v) Small ("10 to lOOnm in size) bar-like precipitates (sometimes 
rounded) in irregular groupings but well separated and showing 
strain contrast. These precipitates were frequently observed in 
all materials and figure 5. 3e shows an example from material 
type A.
(vi) Clusters of larger precipitates (up to -O.S^m), very irregular 
in form, exhibiting strain contrast. In some cases 
dislocations were clearly associated with them. These were 
only observed in material B and an example is shown in 
figure 5.3f.
(vii) Small platelet precipitates, -10 to 50nm in size, showing weak 
strain contrast. An example of such precipitates, from 
material type D, is shown in figure 5.3g. They were observed 
in materials B and D only.
The precipitate results relating to each material type will now be 
considered and where appropriate results relating to other defects 
will also be discussed.
5.5.1.1.1 Material A
Examples of precipitates of type (i ) observed in specimens of 
material A are shown in figures 5.3(a) and 5.4. The micrographs are 
characterised by a linear array of small precipitates which vary in 
size between -10 to lOOnm. The precipitates are aligned 
approximately parallel to the epilayer surface; in figure 5 .3(a)along 
a <210> direction and in figure 5.4(b) along a <110> direction. The 
length of the array varies between -0.5 and ljim. In figure 5.4(b) a 
dislocation is seen associated with the linear array of small 
precipitates. Notice also randomly distributed small bar-like 
precipitates, with sizes -10 to 80nm, in figures 5.3(a) and 5.4(a).
Figure 5.5 shows a BF image of type(ii) precipitates seen in material
A. The array is along a <110> direction. There would appear to be a 
clear distinction between type(ii) precipitates and those shown in 
figures 5.3(a) and 5.4 particularly in the presence of pronounced 
strain field contrast in figure 5.5. Also individual precipitates 
are larger and more separated. Precipitates labelled 1 to 3 in 
figure 5.5 show a black/white lobe contrast, while 4 and 5 show a 
black/black lobe contrast with a line of no contrast that is 
approximately perpendicular to the operating reflection. This 
suggests that the first three precipitates lie within ~£g of the foil 
surface (top or bottom) while 4 and 5 lie at a greater depth. It is 
therefore inferred that the array is distributed in depth through the 
foil. To ascertain the nature of the strain field a CDf image of the 
same area was obtained as shown in figure 5.3(b). Since in figure 
5.3(b) the operating reflection points from white to black lobes for 
precipitates 1 to 3, it was ascertained that the strain field is 
interstitial in character i.e. the precipitates impose a compressive 
stress on the adjoining matrix.
Figure 5.6(a) shows precipitates of type(iv). They are isolated, 
<0.5/im in size and exhibit only a very weak strain contrast. The 
SADP associated with figure 5.6(a) is shown in figure 5.6(b). Spots 
additional to the matrix can clearly be seen, these are labelled xi 
to X4 for clarity. The camera length (L) was calibrated with the 
matrix operating reflection (g = 220) using the relation (from Hirsch 
et al.[118]),
where R is the distance from the transmitted spot to a diffraction 
spot on the negative. For calibration the matrix composition was 
approximated to InP. Interplanar spacings for InP obtained from the 
JCPDS index[168] are reproduced in table 5.2. Rearranging equation
5.5 into the form
the diffraction pattern was used to calculate the d-spacings 
associated with the additional spots. The calculated d-spacings were 
in reasonably good agreement with the published values for Fe2P, 
table 5.3.
Table 5.2 Interplanar spacings for InP (from JCPDS index[168]).
a<A) {hkje}
3.388 m
2.935 200
2.074 220
1.7692 311
1.6941 222
1.4668 400
1.3463 331
1.3122 420
1.1979 422
1.1294 333;511
1.0373 440
0.9922 531
0.9783 442;600
0.9279 620
0.8951 533
0.8849 622
0.8471 444
0.8220 711;551
0.8140 640
Table 5.3 Analysis of extra spots shown in Figure 6.5(b). 
Fe2P d-spacings from JCPDS index[168].
Extra spot d-spacing associated with extra spot (&)
Fe2P d-spacings
(***) (A)
Xi 2.271 2.233 (111)
x2 1.403 1.412 (310)
x3 1.366 1.351 (221)
X4 1.163 1.167 (320)
In figure 5.3(e) small precipitates typically ~20-50nm in size are 
seen in irregular groupings, these are type(v) precipitates. Some are 
rounded * a* while some have a bar-like morphology *b*. They are 
characterised by a weak strain field which gives rise to a 
black/white lobe contrast. The vector & joining the black to the 
white lobe is parallel to g. This is consistent with a spherically 
symmetrical strain field with Ps<0.2. For all the precipitates in 
figure 5.3(e) g points towards dark lobes, this suggests that all the 
precipitates lie at the same depth in the foil. The observed contrast 
is similar to that obtained for cobalt precipitates in copper[141]. 
In some instances these precipitates were associated with dislocation 
tangles rather than a lobe contrast, figure 5.7. Such dislocations 
presumably accommodate the localised misfit strain associated with 
the precipitates.
5.5.1.1.2 Material B
An example of type(i) precipitates seen in material B is shown in 
figure 5.8. They are similar in size to those observed in material 
A, orientated along a <100> direction and show a weak strain 
contrast. Type(i) precipitates were observed less frequently in 
material B in comparison with material. A. Type(ii) precipitates were 
also found in specimens of material B, figure 5.9. The micrographs 
are characterised by pronounced strain field contrast in the form of 
black/black lobes in BF which reverse in CDF. The absence of 
black/white lobes suggests that all the precipitates in this array 
lie at the same depth in the foil. The strain field associated with 
type(ii) precipitates has already been shown to be due to a positive 
dilatation in Section 5.5.1.1.1. Individual precipitates are 
comparable in size to those seen in material A and the array is along 
a <210> direction. Figure 5.10 shows an example of a linear array of 
precipitates seen in a specimen of material B. The individual 
precipitates which show a pronounced black/white lobe contrast are 
similar in size to type (i) precipitates found in material A but more 
widely spaced. It is possible that such precipitates are not of type
(i) or (ii) but are a combination of the two types.
Typical examples of type(iii) precipitates are shown in figures 
5.3(c) and 5.11. In both cases an arc-shaped array of precipitates 
is seen. In figure 5.3(c) the arc appears to be in two segments (si 
and s2 ) interconnected at point P, the individual precipitates are 
closely spaced, show weak strain contrast and are about 40nm in size. 
However, in figure 5.11(a) one portion of the arc contains smaller 
sized precipitates than the other. A smaller arced configuration made
up of precipitates of varying sizes (-40 to 200nm) is shown in figure 
5.11(b). The larger precipitates in this arc have a square-like 
morphology.
Figure 5.3(d) shows a precipitate of type (iv), observed in material
B. Its morphology is quite distinct from precipitates of types(i),
(ii) and (iii). The SADP associated with this precipitate is shown in 
figure 5.12. The diffraction spots in the SADP, which are not 
associated with the matrix, correspond to a structure with d-spacings 
in reasonable agreement with the published values for Fe2P (see table 
5.4). The precipitate shown in figure 5.13, lying at the specimen 
edge is also thought to be of type(iv). Its retention after 
jet-chemical thinning can be explained by the difference in its 
chemical composition from the matrix and its rounded nature can be 
clearly seen. The dislocations visible in this micrograph can be 
ascribed to localised stresses associated with the precipitate.
Table 5.4 Analysis of extra spots shown in figure 5.12. 
Fe2P d-spacings from JCPDS index[168].
Extra spot
d-spacing associated 
with extra 
spot (&)
Fe2P d-spacings 
(&) (hkfi)
Xi 5.12 5.09 (100)
x2 2.825 2.848 (101)
x3 1.413 1.412 (310)
X4 1.163 1.168 (320)
x5 0.824 0.818 (323)
The micrographs in figure 5.14 show precipitates of type(v). The 
precipitate labelled p is ~60nra in size and has a bar-like 
morphology. It has black/white lobes associated with it. A dark 
dot-like precipitate, ~30nm in size is labelled q. It shows weak 
strain contrast. An example of a small irregular grouping involving 
such precipitates is labelled r. It shows pronounced strain contrast 
and is ~100nm wide. In some cases such conglomerates have associated 
with them dislocation tangles (s,t). The dislocation contrast, 
arrowed in figure 5.14( c ), is seen to be decorated by very small 
precipitates. Figure 5.15 shows platelet type precipitates on a 
dislocation with more rounded ones nearby.
Typical clusters of precipitates of type(vi) observed in specimens of 
material B are shown in figure 5.3(e) and 5.16. Each cluster appears 
to be made up of an irregular arrangement of much smaller 
precipitates with some associated dislocations. In figure 5.3(e) the 
clusters appear to be randomly distributed but in figures 5.16(a) and 
(b) they are lined up along <210> and <110> directions respectively. 
The sizes of the clusters are seen to vary and they exhibit strain 
contrast. EDS spectra obtained from two such clusters are shown in 
figure 5.17. Both spectra show a significant iron concentration. The 
copper peaks relate to the Cu-grid on which the specimens were 
mounted. EDS spectra for matrix locations near the clusters showed 
no iron peaks.
Figure 5.18 shows BF images taken at low magnifications under 
two-beam diffraction conditions from a specimen of material B. They 
show areas containing a high density of precipitates with a variety 
of morphologies. In addition in figure 5.18(b) there is a linear 
weak contrast parallel to the operating reflection. Black dot-like
precipitates about 30nm in diameter, thought to be of type (v), are 
labelled i. Precipitates labelled b are also of type(v). They have 
a black bar-shaped morphology and vary in size from about 70 to 
140nm. They show very weak strain contrast. In some cases the bars 
were in an arc formation (figure 5.18(b). Very small (about 20nm in 
size) platelet—type precipitates also occur in these areas, they are 
arrowed for clarity. They are of type(vii) and show weak strain 
contrast. The rounded precipitate, labelled a, and the sheet-like 
precipitate, labelled K, are thought to be of type(iv). They exhibit 
little or no strain contrast. The precipitate labelled K has wide 
centre with a dimension -llOnm and narrow edges which are ~35nm wide, 
the rounded precipitate has a diameter of about 70nm.
Randomly distributed dislocation axrays of the form shown in 
figure 5.19 were, on occasions, observed in material type B. These 
dislocations appear not to be decorated by small precipitates however 
their high curvature suggests they axe strongly pinned. It is 
possible that such dislocations orginate at precipitates near the 
epilayer surface which have been removed during chemical thinning. 
Similar dislocation configurations have been reported in 
heavily-doped MBE grown GaAs[143].
Occasionally specimens of material type B contained dislocation 
loops. A series of BF TEM micrographs of the same area at different 
magnifications in a specimen of material B with g = 220 is shown in 
figure 5.20. Dislocation loops denoted L1-L4 have diameters >500& 
and their long axis is approximately along <100> directions. The
loops are visible under g = 220, 220 and invisible under g = 0 2 0.
Using the g-b = 0 criteria the Burgers vector of these dislocation
loops was found to be b = ± [101] or ± [101],
5.5.1.1.3 Material D
Figure 5.21 is a BF image obtained from near the edge of a specimen 
of material D under a two beam condition with g = 220. The contrast 
suggests an irregular arrangement of small precipitates with 
associated dislocations. The dislocations probably being due to 
localised stresses associated with the precipitates. The SADP 
associated with this group of defects is shown in figure 5 .22(a). 
Spots additional to the matrix reflections are labelled Xi to X7 . The 
d-spacings associated with these extra reflections are given in 
table 5.5 together with the closest d-spacings for the phosphides 
Fe2P and FeP. It is seen that the d-spacings associated with Xi, X2/ 
X3 and X7 are consistent with FeP. Also, d-spacings associated with 
X4 , X5 and Xg are consistent with Fe2P. In relation to this it is 
noted that it is possible for several iron-phosphide phases to be 
gathered together. One of the extra spots was used to obtain the 
dark field image shown in figure 5.22(b). In this micrograph areas 
with very bright contrast are observed distributed along the length 
of the defect. These areas are expected to be Fe2P or FeP 
precipitates. The dark field images in figure 5.23 were obtained 
with the same extra reflection used to obtain figure 5.22(b). The 
areas shown in figure 5.23 were nearby to the area shown in 
figure 5.21. Both micrographs clearly show a distribution of a large 
number of small precipitates as areas of small bright contrast. Their 
sizes vary between about 10 and lOOnm. Most precipitates are in 
irregular groupings and well spaced. These precipitates can be 
classified as type (v). However the arc-shaped array of small 
precipitates, labelled b, may be of type (iii).
Table 5.5 Analysis of extra spots shown in figure 5.22(a).
Extra
Spot
d-spacing 
associated with 
extra spot (ft)
Closest tabulated d-spacings (ft)(hkfi)
Fe2P+ FepA
*Xl 1.325 1.306 (311) 1.321 (122)
x3 1.49 1.484 (112) 1.485 (302)
X4 0.868 0.859 (502) -
x5 0.836 0.839 (422) -
Xe 0.745 0.793 (521) -
x7 0.993 1.018 (500) 0.998 (131)
*X2 same d-spacing as Xi.
+ from JCPDS index[168].
A from Nakahara et al.[151].
Figure 5.24(a) is a BF image of an area of a specimen of material D 
taken with several reflections operating. A random distribution of 
small rounded precipitates with dimensions ~25nm is seen, these are 
thought to be of type (iv). In some instances these precipitates are 
isolated while in others they are grouped in a irregular manner. On 
imaging the same area with g = 220, figure 5.24(b), dislocations can 
be seen associated with some of the precipitates. Examples can be 
seen in the regions marked P and R in the two figures. Both regions 
P and R show well developed dislocation tangles in figure 5.24(b), 
the source of which, by comparison with figure 5.24(a) can reasonably 
be attributed to localised strain about the precipitates.
Type (vii) precipitates were commonly found in specimens of material 
D. A SADP associated with figure 5.25(a) clearly showed two extra 
reflections, figure 5.25(b). The extra reflections establish the 
observed features to be second phase particles but are insufficient
in number to identify the precipitating phase with any degree of 
confidence. The small platelet type precipitates are -10 to 50nm in 
size and show weak strain contrast. The defect labelled a in 
figure 5.25(a) is believed to be a cluster of precipitates of type
(vii) with associated dislocations.
Figure 5.26 is a BF image from specimen of material D. It shows a 
well developed arrangement of dislocation clusters. Cluster C, 
appears to be in two halves which intersect along a <210> direction, 
other clusters axe rounded and -0.25 to 0.45pun in size. It is 
possible that these clusters have developed from precipitate-induced 
dislocations especially when in figure 5.24 precipitates have been 
shown to cause dislocation tangles.
5.5.1.2 Distribution of Precipitates in Relation to the Interface 
and Diffusion During Epitaxial Growth.
A dark field cross-sectional TEM micrograph from a specimen of 
material B, figure 5.27, shows several new features. There is 
extensive precipitation in the interfacial region which extends to a 
depth of about 0.3/xm into the substrate and about O.ljun into the 
epilayer, there is also some precipitation visible within about O.ljim 
of the epilayer surface. Very little or no precipitation is visible 
within the rest of the epilayer which has good contrast. The form of 
the precipitate distribution suggests that ion beam damage is not 
responsible. Also stereo micrographs have shown that the 
precipitates do not lie at the foil surface and cannot therefore be
attributed to ion beam damage. However the grooving seen in 
figure 5.27 is believed to be an artefact from the ion beam thinning 
process.
Figure 5.28 shows a SIMS profile for material very similar to 
material B both in composition and doping. It is noted that the 
substrate is intentionally doped with Fe to a concentration of about 
1017 atoms cm-3. There has been a pronounced diffusion of Fe from 
the substrate into the epilayer with a peak in the Fe concentration 
at the interface (interfacial Fe concentration is about 10l® atoms 
.cm-3) for a thickness of about 0.3^ tm. This corresponds reasonably 
well with the observed distribution of precipitates in cross-section.
The Fe concentration at the epilayer surface is about lcA7 atoms 
cm-3. It can also be seen that Mn diffuses from the epilayer to the 
substrate and there is no significant likewise diffusion of Ge.
Figure 5.29(a) is a BF depth resolved plan-view TEM micrograph 
obtained from a specimen of material A of the InP substrate near the 
interface. The specimen was prepared by etching away the epilayer 
and then jet-thinning from the substrate side away from the 
interface. It shows a distribution of second-phase particles, about 
0 .2/xm from the interface, whose contrast characteristics are 
consistent with structure factor contrast as discussed in Section 
5.2.2. An EDS spectrum obtained from one such precipitate is shown 
in figure 5.29(b). An Fe peak is clearly seen, establishing that 
these particles are Fe-rich precipitates. The observation of such 
Fe-rich precipitates near the interface is consistent with the 
cross-sectional and SIMS data.
5.5.1.3 Fe Outdiffusion During Epitaxial Growth from S-Doped and 
Undoped InP Substrates.
SIMS data relating to the behaviour of Fe in Gao.o3lno.97Aso.o7p0.93 
epilayers grown by LPE on undoped and S-doped InP substrates was also 
obtained. The epilayers were -ljim thick and co-doped with Mn and Ge 
to approximately similar levels (Mn concentration ~5 x 1018cnr"3 and 
Ge concentration ~10l6cm~3). The SIMS profiles for Fe are shown in 
figure 5.30. The origin of the Fe contamination has not been 
established but it is possible that the Fe was present as a residual 
impurity in the LEC grown InP substrate. With respect to this it is 
noted that Chevrier et al.[144] and Bremond et al.[145] have 
previously reported such a presence. From figure 5.30 the Fe is seen 
to be mobile during epitaxial growth resulting in an Fe concentration 
~10l6cm-3 at the epilayer surface. A peak in the Fe concentration is 
seen at the substrate-epilayer interface. For Gao.o3In0.97 
Aso.07p0.93 grown on undoped InP substrates the peak width is about 
0.2*tm and the inter facial Fe concentration is about 1017cm-3. For 
the same alloy grown on S-doped InP substrates the peak width is 
about O.Sjim and the interfacial Fe concentration is about 103-9 cm-3. 
Similar profiles for Fe were obtained in this alloy co-doped with Mn 
and Ge and grown by LPE on Zn-doped InP substrates.
5.5.2 Gao,47lno.53As
A plan-view microstructual study of GalnAs co-doped with Mn and Ge 
and grown by LPE on an Fe-doped InP substrate revealed a number of 
distinct precipitate morphologies which can be summarised under the 
following headings:
(I) Linear configurations of small precipitates, widely and
closely spaced and showing weak strain constrast. Frequently
observed.
(II) Small rounded and platelet-like precipitates in well-defined 
linear arrangements exhibiting pronounced strain contrast. 
Commonly observed.
(III) Narrow line-like defects which were sometimes wavy in
irregular and linear groupings, showing weak strain 
contrast. Occasionally seen.
(IV) Rectangular-shaped defects consisting of small precipitates
with associated dislocations. Rarely seen.
All precipitate morphologies and configurations observed in LPE 
GalnAs were very distinct from those identified as iron-phosphide in 
Ga0.03In0.97As0.07p0.93* The matrix showed a speckle contrast which 
is considered in Section 6.2.1. Also no dislocaton loops were
observed.
In figure 5.31 are examples of type(I) precipitates which were
frequently observed. Linear arrays consisting of closely spaced 
(figure 5.31(a)) and more widely spaced (figure 5.31(b)) precipitates 
are apparent. The individual precipitates within the linear 
configurations typically vary in size from about 10 to 60nm and they 
show only a weak strain contrast with no associated dislocations. 
They are shown in a weak beam image taken with g = 220 in
figure 5.31(e). In all cases the precipitates are aligned
approximately along a <110> direction. This alignment refers to the 
surface and the precipitates could be in the form of rods emerging at 
the surface. Such precipitates show weaker strain contrast than the 
type (ii) precipitates observed in Gao.0 3 * ^ 0 . 9 7  A s o . 0 7 p 0 . 9 3  (see for
example figure 5.3(b)). Although such precipitates are larger and 
more separated than the type (i ) precipitates observed in 
Gao.03In0.97^0.07p0.93 (see for example figure 5.3(a)) there is some 
similarity in terms of morphology. Small precipitates (-20nm in size) 
within an array are imaged better under BF than CDF two-beam 
conditions, see figure 5.31(c) and (d). This is possibly related to 
the * speckle contrast* which is more pronounced under CDF conditions.
In addition linear configurations composed of small rounded 
precipitates (-20 to 40nm in size) and platelet-like precipitates 
(~80nm in size) were commonly observed as. shown in figure 5.32. 
Wiese are classified as type (II) precipitates and they show strong 
black/white lobes indicative of a pronounced strain field which 
reverse contrast in going from BF to CDF compare figure 5.32(a) and 
(b). The linear groupings which were sometimes closely spaced 
(figure 5.32(a)) and sometimes more dispersed (figure 5.32(c) tended 
to be aligned along <210> directions. The weak beam image shown in 
figure 5.33(b) delinates the fine structure of such arrays. It is 
noted that no dislocations are associated with such configurations.
Occasionally isolated groupings of small rounded precipitates were 
observed, figure 5.34. These precipitates which show only weak 
strain contrast were barely discernible in BF (figure 5.34(a)) but 
were readily apparent in WB (figure 5.34(b)).
Also seen in specimens of LPE GalnAs were narrow line-like defects 
which were sometimes wavy as shown in figure 5.35. These are type
(III) defects. Frequently they were grouped in an irregular manner 
(figure 5.35(a)) although linear configurations (figure 5.35(c)) were 
also seen. They showed weak strain contrast and were between -30 and
70nm in length. Weak beam images showed them to be groupings of 
precipitates with associated dislocation tangles, figure 5 .35(b) and 
(d ). Similar groupings of precipitates were not observed in 
Gao.03ln0.97^0.07p0.93•
Figure 5.36(a) shows a BF image of type (IV) defects obtained with 
g = 220. These defects have an approximately rectangular shaped 
morphology and were rarely observed. They are seen to lie 
approximately along a <210> direction and are about 60 by 350nm in 
size. The fine structure of these defects was delineated using the 
weak beam technique, figure 5.36(b). In this image the areas of 
small bright contrast, typically -5 to 25nm in size are localised 
strain centres probably caused by small precipitates. These small 
precipitates are probably associated with dislocations to give the 
observed morphology.
5.6 Discussion
Plan-view TEM studies of the epilayer surface regions of 
Gao.03In0.97^0.07^*0.93 heavily doped with Mn or Mn and Ge have 
revealed at least 7 precipitate types when classification is made 
according to precipitate morphology, configurations and associated 
strain field. Table 5.6 shows which precipitate types were observed 
in which material. Since material A is not doped with Ge, 
precipitates of type (i) and (ii) are likely to be independent of Ge. 
Precipitate types (iv),(v) and (vi) are associated with Fe, type
(iv), having been identified as Fe2P, occurs in all materials 
investigated whereas type (vi) has only been observed in material of 
type B. It is possible that this is a different iron-phosphide. Type
(v) precipitates which were found in all materials studied are likely 
to be FeP and/or Fe2P inview of the results detailed in table 5.5. 
Several different types of iron phosphides have been observed by 
Rumsby et al.[ll], Lee et al.[18], Miyazawa et al.[22] and Smith et 
al. [23] in Fe-doped InP grown by the LEC technique as discussed in 
the review chapter. A TEM study by Nakahara et al.[151] on Fe-doped 
InP epilayers grown by MOCVD on (001) InP substrates identified FeP 
precipitates. It is possible that there is a fundamental difference 
in the formation mechanism of iron-phosphide precipitates obtained 
during LEC, MOCVD and outdiffusion during LPE.
Table 5.6 Material against precipitate type observed
Precipitate type observedMaterial
Clearly the existence of very different morphologies suggests that 
chemically different precipitate types occur in the epilayer. An EDS 
spectrum from a plate-like precipitate in material of type C, which 
had dimensions ~1.5ptm, was found to have a high concentration of Mn 
and no detectable concentration of Fe, figure 5.37. No peaks 
attributable to Ge were observed ruling out a Mn-Ge precipitate. It 
is possible that the precipitate was formed by the segregation of 
compounds consisting of the dopant (Mn) and one or more of the matrix 
atoms, thus explaining the lack of any other peaks in the EDS 
spectrum. One possibility is MnP, such precipitates have been 
reported in Mn-doped InP grown by LEC as discussed in Section 2.2.2.
To avoid phosphorous the work was extended to a study of a 
Gao.47Ino.53As layer co-doped with Mn and Ge. Four distinct 
precipitate types were identified, type(I) of which were similar in 
terms of morphology to type(i) precipitates observed in 
Ga0.03In0.97As0.07p0.93* Precipitates in Gao.47Ino.53As are likely 
to be independent of P and Fe. Dislocation loops are generated by a 
combination of glide and climb processes. In Section 6.3.2 it is 
noted that dislocation movement may be difficult in a matrix showing 
speckle contrast. This may explain why dislocation loops were 
observed in Gao.03In0.97As0.07p0.93 and not in Gao.47Ino.53As.
5.6.1 Outdiffusion of Iron and Precipitation
It is likely that iron-phosphide precipitates are formed by the 
diffusion of iron from the substrate. With respect to this it is 
noted that the substrates in materials A to D are intentionally doped 
with Fe. Iron present as an intentional dopant in the substrate of a 
material very similar to material B both in composition and doping 
was shown by SIMS, figure 5.28, to diffuse from the substrate to the 
epilayer during epitaxial growth with a peak in the Fe concentration 
at the epilayer - substrate interface. Iron was shown to exist in 
precipitates in the epilayer surface of material B and its presence 
attributed to diffusion from the substrate. In addition SIMS data, 
figure 5.30, suggests the presence of Fe as a residual impurity in 
S-doped and undoped InP substrates and that this Fe diffuses during 
epitaxial growth into the epilayer. The rapid diffusion of iron from 
an InP substrate into an epitaxial layer has previously been reported 
by Chevrier et al.[144] using SIMS. In this work Fe-doped, Cr-doped 
and Sn-doped InP substrates were studied. In all three Fe diffused
out of the substrate during epitaxial growth and the nominally pure 
epilayer was doped to almost the same level as the substrate. A peak 
in the Fe concentration was seen at the epilayer - substrate 
interface together with an enhanced Fe-concentration at the epilayer 
surface. DLTS studies by Bremond et al.[145] have also demonstrated 
the outdiffusion of Fe from an InP substrate intentionally and not 
intentionally doped with Fe.
The cross-sectional TEM results from material B, figure 5.27, show 
that pronounced precipitation occurs near the interface both in the 
substrate and the epilayer. Although it has not been verified it is 
highly probable that these precipitates are iron-phoshide in view of 
the SIMS results, figure 5.28. Further to this, precipitates have 
been observed in the substrate near the interface in material A in 
plan-view and shown to be Fe-rich by EDS. Although the SIMS results 
in figure 5.28 indicate a high concentration of Fe throughout the 
epilayer, the apparent absence of precipitates other than at the 
interface and near the surface may be related to the fact that the 
epilayer surface is a region of rapid cooling and the interface is a 
strained region. The work of Chevrier et al.[144] indicates the 
occurrence of a high Fe-concentration at the surface as well as at 
the interface. The present results may provide an explanation of 
these results since if, during the epilayer growth, iron-phosphide 
precipitates axe formed, a further diffusion of Fe into those regions 
would be expected. SIMS can not distinguish between iron in solution 
and present in the form of precipitates.
The movement of Fe from the substrate to the epilayer is not unique. 
Other transition metals such as Cr and Mn also outdiffuse [144-146 ]. 
Diffusion during epitaxial growth has been discussed in a review 
paper by Tuck[147J.
It is clear that the precipitation is very complex in part due to Mn 
and Ge doping and further complicated by the diffusion of Fe from the 
substrate. Apart from iron-phosphide precipitates it is believed 
that binary or multicomponent compounds consisting of matrix elements 
and the dopants may explain the observed precipitates. No evidence 
for Mn-Ge precipitates was found.
5.6.2 Device Implications of Precipitation
Messham et al.[149] grew Fe-doped LPE layers of InP and were unable 
to find evidence of electrically active Fe (iron is a deep level 
acceptor). In another set of experiments Debney and Jay[150] carried 
out mobility measurements on Fe-doped semi-insulating InP and 
estimated the concentration of electrically active Fe atoms. They 
concluded that the concentration of Fe atoms exceeded that of 
electrically active atoms by more than an order of magnitude. It is 
proposed that iron-phosphide precipitation may explain these results, 
since those Fe atoms involved in precipitation would be rendered 
electrically inactive. It is likely that iron diffusing from the 
substrate into phosphorous - based epilayers such as InP or GalnAsP 
will yield iron-phosphide precipitates and therefore not all the iron 
atoms in the epilayer will be electrically active. However, for 
example if outdiffusion occurs into a nominally undoped GalnAs
epilayer grown on an Fe-doped InP substrate all the iron atoms might 
be expected to be electrically active. Such considerations need to 
be investigated further.
Precipitates have implications for the reliability and lifetime of 
optical devices used for optical communication systems. A number of 
TEM studies, which have been reviewed in Section 2.5.2, have shown 
that dark-spot defects (DSD's) which are observed in electro­
luminescent images of aged GalnAsP/InP lasers originate at 
precipitates. These defects act as non-radiative recombination 
centres which can develop under carrier injection or optical 
excitation leading to the degradation of the device. Therefore, as a 
result of the work reported here, it is reasonable to suggest that in 
order to obtain lasers with longer lifetimes and higher 
reliabilities, based on the GalnAsP/InP system, heavy doping of the 
active layer should be avoided and outdiffusion of impurities from 
the substrate (intentionally or accidentially introduced) controlled.
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Figure 5 . 1 7  EDS s p e c t r a  obta i ned from t ype  (v i )  p r e c i p i t a t e s  
observed in mater ia l  B.
The ar rows indicate  the Fe pe ak s.
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Figure 5 .2 7  C r o s s - s e c t i o n a l  dark f ield TEM image of mater ia l  B. 
S is the subst ra te  and E is the e pi layer .
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Figure 5 .29 (a)  BF dept h -
resolved plan-view TEM 
micrograph,from material  A, 
showing precipi tates in the 
InP substrate  about 0.2fjm 
from the interface; (b) an 
EDS spectrum from one of 
these precipi tates showing 
an Fe peak.
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Figure 5 . 3 3  (a )  BF image of type  ( I I )  p r ec ip i ta te s  observed in
LPE GalnAs; (b)  corresponding WB image.
100nm
Figure 5 . 3 4  (a)  BF image of small rounded precipi tates seen in
LPE GalnAs; (b)  corresponding WB image.
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Figure 5 .36  (a)  BF image of a type (IV) de f ec t  seen in
LPE GalnAs; (b) corresponding WB image.
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Figure 5 .37  EDS spect rum from a prec ip i ta te  in m a te r ia l  C 
showing a Mn peak .
Chapter 6
Speckle and Long Wavelength Microstructures in GalnAs
6.1 Introduction
The miscibility gap diagram calculated by de Cremoux et al.[56], 
using the intrinsic model, for the GalnAsP alloy system is shown in 
figure 6.1. The continuous curves are isotherms corresponding to 
specific growth temperatures. These isotherms represent the boundary 
of the miscibility gap. The lines AB and AD correspond to GalnAsP 
compositions which can be grown lattice matched to InP and GaAs 
substrates respectively. In the present study GalnAs grown on InP 
substrates, which is located at point Q with respect to figure 6.1, 
was investigated using plan-view TEM. The epilayers were grown at 
659°C, 650°C and about 550°C by LPE, MOCVD and MBE respectively. With 
respect to figure 6.1 the LPE and MDCVD GalnAs layers lie outside the 
miscibility gap and the MBE GalnAs layers lie on the border. The 
cross-sectional results of the MDCVD GalnAs layers and the 
dislocation configurations observed in plan-view are discussed in 
Section 7.2.2. Also, precipitates observed in the LPE GalnAs layers, 
in plan-view, have been considered in Section 5.5.2.
6.2 Results
6.2.1 LPE Grown GalnAs
Plan-view TEM specimens of the epilayer surface of LPE GaxIni_xAs 
(x = 0.47) layers grown lattice matched on Fe-doped InP substrates of 
{100} orientation at 659°C were prepared. The electrical details of 
these epilayers are given in table 5.1.
Figure 6.2 shows a sequence of CDF micrographs of the same area 
obtained from the epilayer surface of LPE GalnAs under the four 
220-type reflections (g = 220, 220, 220 and 220). Under these
reflections a fine-scale speckle contrast is clearly observed. The 
individual speckle nodules are seen to have linear dimensions of 
approximately between 10 and 20nm and a width of about lOnm. This 
nodular nature of the contrast and its dimensions are readily 
appreciated in the higher magnification micrograph of figure 6.3. In 
220-type reflections the contrast displays in places a preferential 
orientation along [100] and [010] directions. Under 400-type
reflections, see figure 6.4, one type of contrast disappears and the 
remaining type is streaked along a direction perpendicular to the 
operating reflection, such that 400 and 040 reflections respectively 
show orientation along [010] and [100] directions.
There are problems in relating the same area between two micrographs, 
but taking the dislocations labelled A and B in figures 6.2 and 6.4 
as markers the speckle is seen to reverse contrast on reversing the 
sign of the operating reflection. Dark features under +g conditions 
correlate with white features under -g conditions and vice versa.
Reversal of contrast is particularly clear in images obtained using 
400-type operating reflections, figure 6,4. Such a behaviour is not 
appaxent when correlating images obtained using orthogonal g vectors.
Figure 6.5 shows a stereo-pair of the speckle contrast taken with 
g=220. The interaction of dislocations, labelled A and B, with the 
speckle contrast as a function of depth is seen. These dislocations 
which lie approximately along <210> directions adopt a wavy shape 
when they traverse nodule interfaces.
Figures 6.6 and 6.7 demonstrate that CDF images show a stronger 
speckle contrast than BF images both under 220-type and 400-type 
reflections. The thickness dependence of the contrast is also seen in 
figure 6.6. As already noted in Section 5.2.2 in BF micrographs
■*
thickness fringes occur at --- = ^/2* 3/2# 5/2 etc. In figure
6.6(a) the speckle contrast is absent up to the first dark fringe and 
is strongest after (about) the second daxk fringe, hence to 
a rough approximation the speckle contrast is absent at foil
W _ Y/
thickness <0.5 £220 stron9es^ at toll thickness >3/2 ^220*
The speckle contrast while being strong in CDF images formed from 
220-type and 400-type reflections was found to be very weak in CDF 
images formed from 200-type reflections, as shown in figure 6.8. In 
addition it was found to persist under 220-type weak-beam conditions, 
figure 6.9, but to exhibit very much reduced intensity. The randomly 
distributed white spots in figure 6.9 are thought to be small 
precipitates (see Section 5.5.2).
On tilting the sample to the [001] pole, figure 6.10(a), elongation 
of 400 and 400 spots along the [100] direction and of the 040 and 040 
spots along the [010] direction was readily observed. However no 
satellite spots were found to be associated with any of the main 
spots. Also in 2-beam TED patterns faint lines of diffuse intensity 
parallel to [110] and [110] directions were observed, figure 6.10(b).
6.2.2 MBE Grown GalnAs
MBE GaxIni_xAs (x = 0.47) layers grown lattice matched on Fe-doped 
InP substrates of {100} orientation at a temperature of about 550°C 
were studied. The samples were grown by two groups at British 
Telecom Research Laboratories (Martlesham Heath). Samples from Group 
I were nominally undoped with the electrical properties shown in the 
last row of table 6.1. Samples from Group II were grown with the 
addition of varying amounts of beryllium to compensate for the 
background, n-type, doping present. They covered a wide range of 
carrier concentrations and were of both p and n-type. The doping 
and electrical details of Group II samples are listed in table 6.1. 
A further column also summarises the microstructure observed for each 
sample type. For TEM studies plan-view specimens were prepared of 
the epilayer surface.
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6.2.2.1 Group I Samples
Group I epilayers were typically -1pm thick. Figure 6.11 illustrates 
the observed microstructure. The CDF micrographs of figure 6.11 were 
obtained from a specimen about 200nm thick at comparatively low 
magnifications. Evident in these micrographs are two sets of 
quasi-periodic bands of contrast aligned approximately along the 
[100] and [010] directions. Also visible in these images is a 
speckle contrast on a finer scale (~10nm) similar to that which was 
discussed in Section 6.2.1. In this section attention is focussed 
on the long-period contrast. The salient features of the long-period 
contrast were investigated using differing operating reflections. 
Figure 6.12 shows CDF micrographs of the same area under the four 
220-type reflections (220, 220, 220, 220). All areas of the sample 
were found to contain the two directions simultaneously to produce 
the observed *basket-weave* or * tweedlike * pattern. However it is 
clear from figure 6.12 that the four 220-type reflections do not show 
up both directions equally well. In this respect the best operating 
reflection would appear to be g = 220. The bands have a mean band 
spacing (dark-to-dark) of about 160nm. In parts of the sample the 
tweedlike pattern was weak and just discernible from the speckle, 
figure 6.13. Sometimes it was observed to take-on more of an 
island-like morphology rather than a banded one as shown in figure 
6.12(c) and (d).
Comparison of figure 6.12(a) and (b) shows that reversing the 
direction of the operating reflection reverses the contrast of the 
long-period microstructure. Dark features under (220) conditions 
(figure 6.12(a)) correlate with white features under (220) conditions 
(figure 2(b)) and vice versa. The circles and squares in figure 6.12
are to aid in the correlation of the images. On going from a BF to a 
CDF image, for the same operating reflection, the long-period 
microstructure retained its contrast, figure 6.14 (dark features 
remained dark and white features remained white). However CDF images 
reveal the bands with greater intensity than the BF images. Under 
weak-beam image conditions the long-period contrast is strongly 
attenuated (compare figure 6.15(a) and (b)). Under 220-type 
reflections both the [100] and [010] directions are revealed 
simultaneously if present. Under 400-type reflections, figure 6.16, 
mainly bands perpendicular to the operating reflection are revealed. 
In figure 6.16 the bands are no more than -lOOOnm in length and there 
are one or two which axe approximately parallel to g and others which 
have no well defined direction. With 200-type operating reflections 
the bands display weaker contrast.
In discussing LPE GalnAsP samples grown within the intrinsic 
miscibility gap Treacy et al.[75] have defined the mean direction of 
this banded contrast by a vector C perpendicular to the lines of 
constant intensity. Under 220-type reflections C is always 
approximately at 45° to the operating reflection while under 400-type 
reflections it is approximately parallel to it.
The TED patterns obtained from these samples showed no evidence of 
satellite behaviour. Elongation of 400-type spots along <100> 
directions and diffuse intensity parallel to <110> directions was 
seen in manner similar to the LPE GalnAs results already discussed.
6.2.2.2 Group II Samples
Material types MV153, 177, 196 and 163 under TEM investigation showed 
a fine granular or speckle structure. This is shown imaged under 220 
and 400-type operating reflections in figures 6.17 and 6.18 
respectively. From these CDF TEM micrographs it is clear that the 
salient features of the contrast are identical to the speckle 
contrast observed in LPE GalnAs. In relation to this, figures 6.19 
and 6.20 demonstrate that the MBE speckle contrast is strongly 
attenuated in 200-type images and persists under weak-beam 
conditions. In LPE GalnAs the speckle contrast was comparatively 
diffuse. However in MBE GalnAs it is much sharper and more readily 
identifiable as being nodular in form. As a result the preferential 
orientation of the speckle along [100] and [010] directions in some 
places under 220-type reflections (figure 6.17) is more readily seen. 
The size of the MBE speckle (-10nm) is comparable with the LPE 
speckle.
Figure 6.21 shows a typical 2-beam TED pattern from MV196. Consistent 
with results from LPE GalnAs elongation of 400-type spots along <100> 
directions as well as diffuse intensity parallel to <110> directions 
is observed. No satellite spots were observed. Such TED patterns 
were obtained from all Group II samples.
Material types MV161, 162 and 164 showed a fine granular structure 
together with an island contrast. Figure 6.22 illustrates this at a 
comparatively low magnification from a specimen of material MV161. 
The density and intensity of islands observed in specimens of
material MV161 and MV162 was comparable. However in specimens of 
material MV164 the island constrast was only barely discernible from 
the granular contrast and occured much less frequently.
The behaviour of the island contrast under different operating 
reflections was studied. Figure 6.23 shows CDF micrographs of the 
same area from a specimen of material MV162 under 220-type 
reflections. The islands have diameters typically between -70 and 
140nm. It is clear that while some islands are randomly orientated, 
in places they are aligned approximately along [100] and [010] 
directions. This produces a broken basket-weave pattern with a mean 
periodicity (spacing between island rows) of about 200nm. Under 
400-type reflections, figure 6.24, one set of the island contrast 
disappears and the remaining set of islands are streaked along a 
direction perpendicular to the operating reflection. Streaking leads 
to a loss of individual recognisable islands and they become 
inter-linked to give bands which extend over distances between about 
100 and 800nm.
Reversing the direction of the operating reflection reverses the 
island contrast, figure 6.23. In BF micrographs the island contrast 
was hardly distinguishable from the speckle, while in CDF micrographs 
it was easily recognisable, figure 6.25(a) and (b). In WB 
micrographs the islands reveal a dimpled centre, figure 6.26.
On TEM study a specimen of material MV160 showed a fine granular 
structure together with an anomalous thin wavy line contrast. In 
places island contrast was also apparent but was very random in 
orientation. In comparison with other group II material types a 
large number of dislocations were observed in material MV160. Figure
6.27 illustrates the observed microstructure under g = 220 and 040. 
The thin wavy lines of contrast, which extend over distances between 
about 500 to 1800nm, in places exhibited periodic behaviour. Certain 
parameters were altered during MBE growth. It is unclear to what 
extent these growth alterations have influenced the microstructure.
6.2.3 MDCVD Grown GalnAs
Undoped GalnAs layers denoted B145 were grown by M0CVD on Fe-doped 
{100} InP substrates at 650°C. The composition was GaxIni_xAs with 
x = 0.455; this measured bulk value of x suggests that the mismatch 
was -1 x 10~3. The epilayer thickness was determined to be 2.3jim 
(±3%) using edge-on SEM (see figure 3.6). Plan-view TEM specimens 
were prepared of the epilayer surface and at depths of 1.4 and 2. Ojxm 
(i.e. 0.9 and 0.3jzm from the interface respectively.).
The epilayer surface of B145 in plan-view was characterised by a 
network of structural imperfections which are discussed in 
Section 7.2.2 and by a speckle contrast near the edges of the TEM 
specimens. A sequence of CDF TEM micrographs of one such area 
showing the speckle contrast is shown in figure 6.28. The area is 
shown imaged under four different operating reflections (g = 220, 
220, 400 and 040). The micrographs show a diffuse speckle contrast 
similar in size to that observed in LPE and MBE GalnAs and which was 
found experimentally to exhibit the same diffraction contrast 
behaviour. Associated with these images were electron diffraction 
patterns, see for example figure 6.29(a), which showed elongation of 
400-type spots along <100> directions and diffuse lines of intensity
parallel to <110> directions. These effects were present at all of 
the three depths in the epilayer which have been studied. An 
additional feature of some two-beam TED patterns of the epilayer 
surface were indications of splitting of 400-type spots along <100> 
directions as shown in figure 6.29(b).
Figures 6.30(a) and (b) show CDF micrographs for specimens obtained 
0.3jum from the interface. The micrographs show pronounced bands of 
contrast with a periodicity of -150nm which extend over distances 
between -1500 to 2500nm. The contrast is considerably reduced in 
bright field. The bands lie along <110> directions with large areas 
containing one such direction and other areas the orthogonal 
direction; areas containing bands lying along both directions to 
generate a *basket-weave* pattern were not observed. The speckle 
contrast appears unchanged with no obvious size difference compared 
with the surface layer. A typical area from a specimen which is 
-0.9/xm from the interface is shown in figure 6.31. The speckle 
contrast appears more pronounced than in figures 6.30(a) and (b). 
Bands of contrast are observable but are much weaker than for the 
specimens closer to the interface and with 400-type reflections they 
were difficult to distinguish against the background of speckle 
contrast due to the effect of streaking. The banded contrast is much 
more irregular than in figures 6.30(a) and (b), each band is much 
shorter (-300nm) and is more wavy. The mean repeat distance is also 
significantly reduced by about a factor of 2.
Figure 6.32 is a SEM micrograph of the surface morphology, of the 
epilayer, of a plan-view TEM specimen prepared at 0.3/im from the 
interface. An undulating structure on a similar scale to the banded 
contrast in figures 6.30(a) and (b) is seen along a <110> direction.
This etch structure is probably related to variations in composition 
which provides good evidence that the banding structure is also 
related to compoisiton variations.
6.3 Discussion
Speckle and long wavelength microstructures have been studied in the 
alloy GalnAs grown on Fe-doped {100} InP substrates as a function of 
epitaxial growth technique (LPE, MOCVD and MBE). Table 6.2 
summarises the observed microstuctures. With respect to this it is 
noted that much of the work available in the literature on such 
structures has been preformed on LPE GalnAsP. The present results 
suggest that while the long wavelength microstructure lying along 
<100> directions can sometimes develop in MBE GalnAs, the presence of 
the speckle contrast is independent of the growth technique employed. 
Also, a long wavelength microstructure lying along <110> directions, 
observed in MOCVD GalnAs, was seen to vary as a function of distance 
from the interface. This was the only alloy for which the plan-view 
depth variation was studied.
Table 6.2 Summary of Microstructures observed in GalnAs grown
by LPE, MOCVD and MBE on Fe-doped {100} InP substrates.
Growth
Tech­
nique
Growth
Temperature
Tg*C
Position with 
respect to 
miscibility gap
Diffraction Contrast Results
LPE 659 outside Speckle contrast.
MOCVD 650 outside Bands along <110> near inter­face and speckle contrast.
MBE -550
on the 
border
Group I - Bands along <100> and 
speckle contrast.
Group II - Sample types MV153, 
MV177, MV196 and MV163, speckle 
contrast only. Sample types 
MV161, MV162 and MV164 island 
and speckle contrast.
6.3.1 Long Wavelength Microstructure
The banded contrast observed in MBE GalnAs along <100> directions and 
in MOCVD GalnAs along <110> directions when imaged using different 
operating reflections behaves similarly in all respects to the *long 
wavelength quasi-periodic' microstructure previously reported 
[66,69-75]. In those cases the epilayers were grown by LPE within the 
intrinsic miscibility gap and the structure has been attributed to 
spinodal decomposition. In addition some of the MBE GalnAs layers 
studied by the author showed only the granular contrast while others 
showed an island contrast as well as the granular contrast. These 
two structures appear not to be completely independent of each other 
in that the <100> directions are preferred. MBE GalnAs grown at 
about 550°C is situated on the border of intrinsic miscibility gap. 
The growth temperature and how precisely it can be maintained during
layer growth is probably the determining factor in relation to the 
microstructure observed. The value of 550°C given here is only 
approximate and small variations in this place the layer either 
inside the intrinsic miscibility gap or outside it. It is unclear to 
what extent differences in the degree of lattice mismatch between MBE 
GalnAs epilayers are important with respect to the production of the 
<100> long wavelength microstructure. While the island contrast 
maybe an intermediate state to a fully developed long wavelength 
microstructure it may be caused by composition variations in the 
layer originating from growth on a thermally degraded InP substrate 
containing In-rich melt droplets on its surface.
The banded contrast observed in MOCVD GalnAs along <110> directions 
is likely to be related to the epilayer morphology revealed by 
etching. The etchant is thought to exhibit this behaviour because 
the matrix composition is not uniform. Since the <110> long 
wavelength structure appears with increasing contrast and regularity 
as the interface is approached it is reasonable to assume that the 
atomic layers close to the interface are responsible. A possible 
explanation is that spinodal decomposition occurs in MDCVD layers 
when the temperature and composition are just outside the miscibility 
gap providing there is sufficient strain energy which can be relieved 
by the production of the long wavelength structure. However there 
are some problems related to compositional homogeneity, derived from 
gas switching techniques employed during growth, in the B145 
specimens (see Section 7.2.2). The <110> orientation of the 
microstructure could be related to the directionality of 
lattice-mismatch strain and, in this connection, it should be noted 
that such strains frequently give rise to dislocations parallel to 
the interface and lying along <110> directions. It is possible that
when the local strain is below a critical value the production of 
dislocations is not possible but that the strain is sufficient for 
the total energy to be lowered by the production of the long 
wavelength structure.
The <100> long wavelength microstructure has been shown to have 
device implications. A number of authors[157-159] have shown that 
the presence of this structure dramatically impairs election 
transport. They found that LPE GalnAsP samples grown at 740°C in the 
composition domain 0.5 < y <1 show significantly higher electron hall 
mobilities than samples grown at about 650°C over this composition 
domain. Improvements of between 20 to 25% were reported for 
room-temperature Hall mobility data. It was argued that this 
improvement was related to the high growth temperature; a growth 
temperature of 740°C is above the intrinsic miscibility gap. The 
discrepancy in the mobility could not be attributed to ionized 
impurity scattering, phonon scattering or random alloy scattering. 
Instead these authors proposed that an additional scattering 
mechanism exists in these samples, which they attributed to 
composition modulations. Moreover, Marsh[161] and Bhattacharya[162] 
reported sharp peaks in the variation of AUe with y, located at 
y >  0.9 and y = 0.6. These maxima can be associated with the new 
scattering mechanism, since they lie in the same solid composition 
range. The work reported here provides further support for this 
assumption. It is likely that the difference in electron mobility 
between the undoped group I MBE GalnAs epilayers and the undoped 
group II MBE GalnAs epilayers (sample type MV153), detailed in 
table 6.1, is due to the additional scattering mechanism associated 
with the <100> long wavelength microstructure seen in the former but 
not in the latter sample type.
6.3.2 Speckle Contrast:
The presence and wavelength of the speckle contrast has been shown to 
be independent of the growth technique employed, the island contrast 
and the long wavelength structure. However, while the speckle 
contrast was comparatively diffuse in LPE and MOCVD layers it was 
very intense in MBE layers.
After Gowers[67] it is likely that the speckle contrast is associated 
with periodic fluctuations in composition. With respect to this it 
is noted that in material systems showing spinodal decomposition 
satellite reflections can be produced in TED patterns in the 
direction of the composition fluctuation. For cubic crystal 
structures the wavelength X* of the composition modulation is related 
to the spacing of the satellites by the expression (from monograph 
two of Edington series[119]);
6.1
h + k + I ^ikfi
where a is the lattice parameter, is the ratio of the distances
hk£
in reciprocal space from the transmitted and satellite spot to the 
hkfi spot as shown in figure 6.33. Satellite spots have been reported 
by Norman and Booker[73] for LPE GalnAsP samples lying inside the 
intrinsic miscibility gap along the [100] and [010] directions. They 
reported that the measured wavelength of modulation was of the order 
of the speckle contrast wavelength. In the present study, of GalnAs, 
elongation of 400 spots along the <100> directions was observed 
together with faint satellite spots for MOCVD GalnAs. The weakness 
of the satellite spots may imply that the composition gradient
between phases associated with the speckle contrast is less steep for 
samples outside the intrinsic miscibility gap than those inside the 
intrinsic miscibility gap. The frequent observation of elongated 400 
spots suggests that outside the intrinsic miscibility gap a range of 
speckle wavelengths occur near -I5nm while inside it one wavelength 
is dominant.
Norman and Booker[73] have suggested that the speckle contrast may 
arise from spinodal decomposition occuring in the bulk solid phase 
immediately after growth as the specimen cools down. The low solid 
diffusion rates being responsible for the fineness of the structure. 
It is noted that this interpretation is analogous to that reported 
for spinodally decomposed metallic alloys (see Section 2.3.2).
A new scattering process has been attributed to the long wavelength 
microstructure. It may be that one can relate the speckle contrast 
(wavelength -10 to 20nm) to the random alloy scattering process. 
Previously, with respect to equation 1.5, one has had to assume a 
value for S(a) and fl, with S(ot) taken to be unity and n taken to be 
the volume of the primitive cell. Since the speckle contrast 
represents a short range compositional fluctuation which, from TEM 
investigations, seems to occur across the alloy GalnAsP and be 
independent of the type of crystal growth technique employed it seems 
reasonable to relate the two and argue that the speckle nodules axe 
the scattering centres in equation 1.5 and hence give an esqperimental 
interpretation to fl.
The speckle contrast could have implications on the long term 
reliability of GalnAsP/InP lasers. A concensus has emerged that the 
primary source of rapid degradation in LPE GaA£As/GaAs lasers is the
propagation of dislocation networks, which form dark-line defects, by 
a combination of glide and climb (see Section 2.5.1). Since alloy 
clustering is known to strengthen the matrix[163,164] (give higher 
yield stresses) it will be difficult for dislocations to glide and 
multiply in GalnAsP epilayers. Furthermore, Mahajan et al.[72] 
argue, climb will also be difficult in a clustered matrix because its 
occurrence would create surfaces within the two phases across which 
energetically favourable atom pairing could be destroyed. Therefore 
it is likely that dislocation movement will be difficult in GalnAsP 
layers whose matrix show the speckle contrast thereby yielding more 
reliable lasers.
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F i gur e  6.1 C o m po s i t i o n  r e p r e s e n t a t i o n  of the  
Gax l n 1-x ^ s y ^ i - y  a **°y sy st em
showing the spinodal  isothermal  c ur ves  
calcula t ed by Cremoux et al. C56U 
for growth t emp er a t ur e s  of 5 0 0  °C 
7 0 0  °C and 9 0 0  °C .
Dot t ed  l ines AB and CD c o r r e s p o n d  to 
composi t ions l a t t i c e  matched to InP and 
GaAs r e s p e c t i v e l y .
Figure 6.2 CDF micrographs from the surface of LPE GalnAs showing 
the speckle  cont ras t  under the four 2 2 0 - t y p e  ref lect ions.  
Scale markers r epr es ent  100nm. The ci rcles are to aid 
in the correlat ion of images.
50nm
Figure 6.3 High magni f icat ion CDF 
image of the speckle contrast  from 
LPE GalnAs under a 2 2 0 - t y p e  
reflect ion.
c d
Figure 6.4 CDF micrographs of the same area obtained from LPE 
GalnAs showing the speckle contrast  under the four  
4 0 0 - t y p e  ref lect ions.  Scale markers represent  150nm.  
The circles are to aid in the correlat ion of images.
100nm 10Qnm
Figure 6.5 S t e r e o - p a i r  of CDF images showing the interact ion
of dislocations with the speckle contrast  in LPE GalnAs.
lOOnm
Figure 6.6 (a)  BF and (b) CDF micrograph, of the same area,  from 
the surface of LPE GalnAs under g=220.
Figure 6.7 (a)  BF image of speckle contrast  under g= 400  from LPE
GalnAs,* (b)  corresponding CDF image.
Figure 6.8 CDF micrograph  
from the sur face of LPE 
Gain As, showing the speckle  
contrast  under g=200 .
100nm
Figure 6.9 WB image of 
speckle contrast ,  from LPE 
GalnAs, under g=220.
a b
Figure 6 .10 Electron diffraction patterns associated with LPE GalnAs  
with the specimen tilted to (a)  the [00 1] pole and 
(b) a two-beam condition.
a
c
Figure 6.11 CDF micrographs illustrating the long wavelength 
microstructure observed in group I  MBE GalnAs.
Figure 6 .12  Sca le  m arke rs  r e p r e s e n t  250nm. CDF images of  the  long
wave length  m ic ro s t ru c tu re  in group I  MBE GalnAs under  the
four 2 2 0 - t y p e  re f lec t ions .
'j
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Figure 6 .13  CDF micrograph 
from the surface of group I MBE 
GalnAs under g = 220.
a b
Figure 6 .14 (a) BF and (b) CDF image, of the same area,  from the
surface of group I MBE GalnAs under g = 040.
300nm
Figure 6.15 (a)  BF image from the surface of group I MBE GalnAs
under g = 220;  (b) corresponding WB image
cw
d
F igu re  6 .1 6  Sca le  m a rk e rs  r e p r e s e n t  3 0 0 n m .  CDF im ages  o f  the
long w a v e le n g th  m ic r o s t r u c tu r e  in g roup  I  MBE Ga lnAs
under  the  fou r  4 0 0 - t y p e  r e f l e c t i o n s .
F igu re  6 .1 7  Al l s c a le  m a rk e rs  r e p r e s e n t  100nm. CDF m ic ro g ra p h s
of the  s p e c k le  c o n t r a s t  o b s e r v e d  in m a te r i a l  M V196
under the fou r  2 2 0 - t y p e  r e f l e c t io n s .
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Figure 6.18 Scale markers are 100 nm. CDF images of the speckle 
contrast observed in material MV196 under the four 
4 0 0 - t y p e  reflections.
100 nm lOOnm
F i g u r e  6 . 1 9  CDF i ma g e  o f  s p e c k l e  F i g u r e  6 . 2 0  WB i m a g e  o f  s p e c k l e
c o n t r a s t  f r o m  m a t e r i a l  M V 1 9 6  c o n t r a s t  f r o m m a t e r i a l  M V 1 9 6 .
u n d e r  g = 0 2 0 .
F i g u r e  6 . 2 1  E l e c t r o n  d i f f r a c t i o n  
p a t t e r n  a s s o c i a t e d  w i t h  m a t e r i a l  
M V 1 9 6 .  A r r o w  i n d i c a t e s  t h e  0 4 0  
s p o t  and  B = [ 00  1].
F i gure  6 . 2 2  Low m a g n i f i c a t i o n  CDF m i c r o g r a p h  of  i s l and  c o n t r a s t  
s een  in ma t e r i a l  M V 1 6 1 .
r\
F i g u r e  6 . 2 3  Al l  s c a l e  m a r k e r s  r e p r e s e n t  3 0 0 n m .  CDF i m a g e s
of  t h e  i s l a n d  c o n t r a s t  o b s e r v e d  in m a t e r i a l  M V 1 6 2
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CHAPTER 7
7. Investigation of Defects in MOCVD GalnAs Epilayers with
Composition Fluctuations
7.1 Introduction
In the present study an undoped GalnAs layer called B148 was grown at 
STL using MOCVD (Thrush et al.[165]>. This epilayer was grown over 
an epitaxial InP buffer layer grown on an Fe-doped LEC-grown InP 
substrate, of {100} orientation, at 650°C. The InP buffer layer is 
intended to eliminate effects due to residual contaminants on the
substrate surface at the onset of growth. To achieve a sharp 
interface it is necessary to adopt fast gas switching in the growth 
system. In the present study an equipment malfunction relating to 
this switching provided material with an accidental perturbation in 
composition approximately halfway through the thickness of the 
epilayer. The resulting defect structure was studied using both 
cross-sectional and plan-view TEM specimens. The work was extended 
to a study of an undoped GalnAs layer denoted B145 with a composition 
fluctuation near the epilayer surface. The defect structure observed 
in both epilayers was correlated with Sputter Auger profiles and 
depth-resolved Hall profiles performed at STL by Dr. E.J. Thrush and 
co-workers.
7.2 Experimental Results
7.2.1 GalnAs with a Large Composition Fluctuation (B148)
The experimental results of material B148 are divided into a 
discussion of (i) the microstructure near the buffer-epilayer 
interface, (ii) the region of large composition fluctuation, (iii) 
the microstructure near the epilayer surface in plan-view and (iv) 
fine light and dark lines parallel to the interface.
7.2.1.1 Interfacial Microstructure
Figure 7.1 shows cross-sectional TEM micrographs of the interfaces of 
material B148. Figure 7.1(a) and (b) are BF and CDF micrographs 
respectively of the same region and figure 7.1(c) is a high 
magnification BF micrograph of another region. A fine line is seen 
running parallel to the buffer-epilayer interface (which is labelled 
I) at about 130nm from it. This is the buffer-substrate interface. 
For clarity the buffer layer will be denoted by InPjj to distinguish 
it from the InP substrate. The InPg region is comparatively defect 
free although occasionally there are defects at the InPs/InP 
interface. A high density of grown-in defects can be seen in the 
epilayer most of which emanate at the GalnAs/InPg interface. One 
type of defect seen in figure 7.1a consists of dislocations running 
approximately perpendicular to the interface, examples of these are 
labelled P. Sometimes these dislocations bend and change direction, 
for example Q in figure 7.1a.
Figure 7.2 is a weak beam image for an extensive area of the 
interface. The interfacial microstructure is revealed with greater 
clarity showing a high density of dislocations which are curved and 
lie approximately perpendicular to the direction of the interface. 
There is also a much lower density of straight dislocations which are 
angled relative to the interface, examples of these are labelled R in 
figure 7.2. Figure 7.3 is a BF micrograph of a small area of the 
GalnAs/InPs interface at a high magnification. Under g = 311 the 
GalnAs/InPe interface is seen to be broad and dark. However, on 
tilting the specimen with respect to the electron beam to use 
operating reflections 022 and 022, dislocation segments are clearly 
visible lying in the GalnAs/InPg interface, as shown in figures 7.3 
and 7.4. Groups of dislocations near the interface indicate that the 
epilayer composition does not correspond to a lattice matched 
condition at the onset of growth.
Figure 7.4(a) and (b) are cross-sectional BF and CDF TEM images 
respectively of the same region about the GalnAs/InPg/InP interfaces 
under g = 022. Figure 7.4(c) is a high magnification CDF image of 
this region. The resolved GalnAs/InPs interface can be seen and 
there are isolated dislocations in the InPg region some of which 
thread in from the substrate, such as those labelled Z.
Dislocations of the type P, Q and R were seen to propagate through 
the epilayer. Figure 7.5 shows the dislocations lying at distances 
~2.5jim from the GalnAs/InPe interface. Figure 7.6 is a stereo-pair of 
BF TEM micrographs showing the relative positions of the dislocation 
types in the sample.
As well as dislocations further straight and broad features can be 
seen in the region of the GalnAs/InPs interface in figure 7.3. There 
are two sets which make an angle of about 72° with each other (in the 
022 reflection) and which make equal angles with the interface. They 
occur in similar directions to the straight dislocations visible in 
figure 7.2 which are angled relative to the interface. Figure 7.7 
shows a SADP centred on such a defect with the crystal tilted to (a) 
a two-beam condition and (b) the [Oil] pole. Streaked spots lying 
about one third of the distance between the matrix spots are 
observed. The streaks occur in each of the four <111> directions. 
Using one such streaked spot the dark-field micrographs of figure 7.8 
were obtained. They clearly establish the needle-like defects as the 
source of the additional streaked spots. These are not parallel 
sided but vary in thickness from about 18nm at the centre tapering to 
about 6nm at the ends. Defects with a similar contrast were seen in 
regions removed from the interface. Figure 7.9(a) is a BF TEM 
micrograph showing such needle-like defects close to the epilayer 
surface. Figure 7.9(b) is the corresponding dark-field micrograph 
obtained by using one of the additional streaked spots. The 
interpretation of these micrographs is that the needle-like defects 
are microtwins lying on {111) planes. While some of the microtwins 
have one end in the interface others have no connection with the 
interface.
7.2.1.2 Region of Compositional Disturbance
The thickness of the epilayer was determined to be 8.3fim using 
edge-on SEM. Figure 7.10 shows low magnification cross-sectional 
TEM micrographs of material B148. The micrographs clearly show a
dark band which is ~lpun wide. This band is assumed to be the region 
in which the composition underwent a large change. The starting edge 
of this distrubed region is seen to lie ~3.7/im from the interface. 
The variety of defects between the interface and the onset of this 
disturbed region are not in good contrast because the imaging 
condition was choosen to show the disturbed band clearly. At the 
edge of the disturbed band, nearest the surface, a high density of 
dislocations is seen threading the epilayer towards the surface. They 
are approximately perpendicular to the interface and occur in groups. 
This grouping may be related to the structure in the highly 
dislocated layer.
A Sputter Auger profile of this epilayer is shown in figure 7.11. In 
the region of gross disturbance in composition the Ga:In ratio 
changes (approximately) from 0.47:0.53 to 0.53:0.47 and then returns 
to the initial composition over a total thickness of about 0.3jim. 
From the Auger profile this region occurs about 55% of the way 
through the epilayer. Figure 7.12 shows a high magnification 
cross-sectional TEM micrograph of the region of large composition 
fluctuation. The region of gross composition disturbance is seen to 
consist of a very dense grouping of dislocations in a series of 
approximately five layers of approximately equal thickness. 
Olsen[166] has reported similar TEM contrast in studies of 
step-graded VPE InxGai_xP grown on (100) GaP substrates. Also seen in 
figure 7.12 are a number of light and dark bands, immediately before 
the compositionally-disturbed region. These are assumed to be small 
scale fluctuations in composition and are discussed in Section 
7.2.1.4. No microtwins were observed in the region of gross 
disturbance in composition.
Figure 7.13(a) and (b) shows BF TEM micrographs from a plan-view 
specimen prepared within the compositionally-disturbed region. They 
clearly show the layers to be associated with a columnar, 
approximately hexagonal, cell structure. The cells have dimensions 
in the range 0.1-0.4^tm and the walls show a complex pattern of moire 
fringes and dislocations, while the material within each cell appears 
to be relatively dislocation free. The cells are delinated clearly 
in figure 7.13(c) which is a WB image. Hockly and White[167] have 
reported similar cell structures, in TEM plan views of the interface 
region, in some of their compositionally - disturbed MOVPE GalnAs 
specimens.
The electrical properties of the compositionally-disturbed region are 
shown in figure 7.14, which is a depth-resolved differential Hall 
profile of the epilayer. It shows a carrier concentration peak and a 
mobility minimum located in this region of composition change. The 
position of the peak and the minimum correlate very well with the 
data from cross-sectional TEM relating to the compositionally 
perturbed domain. The native structural defects associated with the 
compositionally-disturbed region therefore, appear to play a dominant 
role in the electrical behaviour of the epilayer.
7.2.1.3 Epilayer Surface
Figures 7.15(a), (b) and (c) are typical of the microstructure 
observed at the epilayer surface in plan-view. An arrangement of 
finely spaced wavy fringes with a spacing ~8nm is seen. They appear 
with equally good contrast in BF and CDF images and run approximately 
perpendicular to the g-vector. It is inferred that the fringes are
parallel moire patterns. Figure 7.15(a), which is a BF image taken 
with g = 131, shows that the epilayer surface also contained a high 
density of dislocations. They are typically ~70nm long and lie in a 
variety of orientations. There is, in addition, contrast from
’dislocation-like' defects along <110> directions in figure 7.15(b).
7.2.1.4 Pseudo-Superlattice Contrast
Cross-sections of B148 revealed a series of alternating bright and 
dark bands parallel to the interface (normal to the growth
direction). The behaviour of this contrast as a function of 
operating reflection is shown in figure 7.16. This contrast extended 
throughout the thickness of the epilayer. It was most pronounced at 
depths >1.5pm from the GalnAs/InPg interface, immediately before the 
region of large composition fluctuation and also in close proximity 
to the epilayer surface. In parts of the epilayer the contrast was 
periodic whilst in others periodic behaviour was not so apparent. 
Figure 7.16(a) shows a BF cross-sectional TEM micrograph, obtained 
using the 200 operating reflection, which is highly sensitive to 
composition fluctuations (see Appendix), from an area immediately 
before the region of large composition fluctuation. In this
micrograph the light bands are likely to be In rich and the dark
bands Ga rich compared with the average composition. The light bands 
are irregularly spaced and vary in width from about 4 to 12nm. 
Figure 7.16(b) is a BF cross-sectional TEM micrograph from a similar 
region in the epilayer obtained with g = 311. The bands are more 
wavy in this reflection. Figure 7.16(c) shows this contrast under
g .- 311 from a nearby region. Figure 7.16(d), is a cross-sectional 
CDF micrograph obtained from an area near the epilayer surface with 
g = 111. The banding has an average periodicity of ~10nm.
7.2.2 GalnAs with a Small Composition Fluctuation (B145)
In cross-section the microstructure of this epilayer was 
characterised by fine alternating bright and dark bands parallel to 
the interface. These occurred throughout the thickness of the 
epilayer with an approximately constant periodicity of ~10nm. It is 
likely that these bands are small scale composition fluctuations. 
Figure 7.17 shows a CDF TEM micrograph of these bands obtained with 
g = 220. This contrast is analogous to that obtained from monolayer 
superlattices that have been fabricated by alternate depositions of 
monolayers of GaAs and A£As[84,85]. However in these studies the 200 
reflection was used.
A Sputter Auger profile of this epilayer is shown in figure 7.18. It 
shows that near the epilayer surface, the composition of the epilayer 
is in a transient state. This is likely to be associated with the 
gas switching system. To a lesser extent compositional deviation 
from the steady state value is seen near the interface. Figure 7.19 
shows CDF TEM micrographs obtained from near the epilayer surface. A 
dark band extending to a depth of about 0.2pm into the epilayer is 
seen. This band is believed to be the compositionally-disturbed 
surface region shown in figure 7.18. The contrast in figure 7.19 
suggests the dark band to be a region of high dislocation density. 
However the dislocations do not appear to be layered as in previous 
case. In the dark band, in close proximity to the epilayer
surface, the dislocation density is lower. Figure 7.20 shows a 
depth-resolved differential Hall profile of the epilayer. An 
electron concentration rise and an electron mobility fall is seen 
located near the epilayer surface. This occurs over a thickness of 
about 0.4pm and agrees very well with the data from cross-sectional 
TEM. The profile also shows a slight electron concentration rise 
near the interface suggesting possible compositional control problems 
near the interface.
The defect structure associated with the compositionally-disturbed 
region located near the epilayer surface was investigated in 
plan-view. Figures 7.21(a) and (b) are respectively BF and CDF 
plan-view TEM micrographs of a given region of the epilayer surface. 
A network of dislocations can be seen along two orthogonal <110> 
directions. The dislocations are straight and exhibit image widths 
which vary between about 10 to 40nm. The spacing between 
dislocations varies between about 20 to lOOnm. It is likely that 
these dislocations accommodate the strain associated with the varying 
composition. Figure 7.21(c) is a BF micrograph of another region of 
the epilayer surface in plan-view showing a complex pattern of moire 
fringes in addition to the cross-hatch network of dislocations. 
Figures 7.22(a) and (b) are plan-view BF and WB images respectively 
of a nearby region of the epilayer surface. The line fringes, in 
figure 7.22(a), run approximately perpendicular to the operating 
reflection showing that they are parallel moire patterns. 
Figure 7.23 is a plan-view TEM micrograph, of the epilayer surface, 
taken from near the TEM foil edge. It demonstrates the thickness 
dependence of the observed microstructure. Near the foil edge a 
speckle contrast can be seen (see Section 6.2.3). The cross-hatch 
network of dislocations on approaching this regime becomes very
fragmented and shows a very much reduced density. It is likely that 
these dislocations are located on different planes and slip out of 
the epilayer at the surface.
7.3 Discussion
Structual imperfections in a MOCVD GalnAs epilayer grown with an 
accidental perturbation in composition approximately half way through 
it have been studied using both cross-sectional and plan-view TEM 
specimens. The strain at the GalnAs/1nP^ interface due to a mismatch 
in lattice parameter between the epilayer and the buffer layer was 
shown to result in a variety of dislocation morphologies. Microtwins 
were observed close to and well removed from the interface. Those 
microtwins that did extend and reach the interface did not penetrate 
into the InP buffer layer.
The compositionally-disturbed region at ~3.7jun from the GalnAs/InPg 
interface appears in a cross-sectional configuration as a broad dark 
band in five approximately equally spaced layers. Each layer 
probably corresponds to a specific composition change such that the 
maximum change is in the central layer. The regularity of the 
layered arrangement suggests that the Ga fraction changes in the 
ratio 47:49:51:53:51:49:47. This would agree with the approximately 
symmetrical form of the Auger curve. Each compositional step gives 
rise to a high density of misfit dislocations which are required to 
relieve the lattice mismatch at each step. Plan-view TEM specimens 
prepared within the disturbed region show dislocations to be arranged 
in a cell structure which is presumably a low energy configuration. 
It is notable that no microtwins were observed in the compositionally
perturbed region which has a high defect density although they were 
observed near the epilayer-buffer layer interface where the defect 
density and presumably the lattice mismatch is less. This may 
reflect the abrupt nature of the change in lattice parameter at the 
GalnAs/InPs interface compared with a relatively gradual change in 
the region of compositional disturbance.
Within experimental error the centre of the compositionally-disturbed 
region obtained by TEM corresponds to the estimate of depth using the 
Auger profile. However it’s thickness by TEM is ~l/xm and ~0.3jim from 
the Auger profile. With respect to this it should be noted that 
structural defects relating to a severe loss of compositional control 
may extend over a larger region than the compositional modulation 
itself. Also sputter rates associated with the matrix GalnAs and the 
grossly compositionally perturbed GalnAs region will be different. 
However the thickness of the compositionally-disturbed region by TEM 
is consistent with the depth-resolved differential Hall profile.
In plan-view TEM specimens of the epilayer surface revealed a fringe 
contrast. These fringes were shown to be parallel moire patterns. 
Parallel moire patterns arise when two overlapping crystals have 
parallel reflecting planes but different lattice parameters. Prom 
this observation it is clear that near the epilayer surface the 
compositon of material B148 is not stable.
An undoped GalnAs epilayer with a composition fluctuation near the 
epilayer surface was studied. Cross-sectional TEM showed the 
compositionally-disturbed region near to the epilayer surface to be 
highly dislocated but not layered. A Sputter Auger profile of this 
epilayer was found to be reasonably consistent with the
cross-sectional TEM data. Plan-view TEM specimens of the epilayer 
surface showed the dislocations in the compositionally - disturbed 
region to he in the form of a cross-hatch along orthogonal <110> 
directions. Such dislocations were found to he absent from the 
immediate vicinity of the epilayer surface suggesting perhaps that 
they slip out at the surface. Complex moire patterns were also 
observed at the epilayer surface/ some of which were identified as 
parallel moire patterns.
The electron concentration and mobility profiles for both types of 
epilayer were assymetric. in a way which showed a close relationship 
to the defect density in the epilayers. The regions of gross 
disturbance in composition in both epilayers were associated with an 
electron mobility minimum probably due to enhanced dislocation 
scattering. Also, it is possible that impurities preferentially 
segregate within such regions due to the dense array of dislocations, 
leading to a local increase in electron concentration.
A line contrast analogous to that obtained from monolayer 
superlattices was observed in both epilayers in cross-section. It is 
likely that these lines whether they be fine or broad correspond to 
variations in the layer composition and occur during layer growth if 
the gases are not under precise control. Work on MOCVD grown 
GaAs—GaAJZAs quantum wells preformed at Surrey, by Dr. U. Bangert, has 
shown similar contrast. Petroff et al.[79] have reported broad lines 
analogous to those of figure 7.16a using g = 200 for the alloy 
Gai_xA£xAs grown on (110) GaAs at 600°C by MBE and attributed the 
behaviour to an alloy clustering reaction which is thermodynamic in 
origin.
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Figure 7 .12  BF c r o s s - s e c t i o n a l  
micrograph of region of large  
composi t ional  f luctuat ion.
The growth di rect ion is indicated  
by the arrow.
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Figure 7 .13  Planar views of region of large composit ion f luctuat ion.
Images (a)  and (b)  are BF while (c )  is a WB image.  
Scale markers represent  100nm.
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Figure 7 . 1 5  P l a n - v i e w  images of the epilayer surface of
m a t e r i a l  B 1 4 8 .  I m a g e s  ( a )  a n d  ( b )  a r e  BF  w h i l e  
( c )  is CDF.  S c a l e  m a r k e r s  r e p r e s e n t  1 5 0 n m .
F i g u r e 7 . 1 6  C r o s s - s e c t i o n a l  m i c r o g r a p h s  o f  b a n d e d  c o n t r a s t  s e e n  
in m a t e r i a l  B 1 4 8 .  S c a l e  m a r k e r s  r e p r e s e n t  2 0 0 n m .
7
80nm
F i gu r e  7 . 1 7  CDF c r o s s - s e c t i o n a l  
m i c r o g r a p h  o f  b a n d e d  c o n t r a s t  
s e e n  in m a t e r i a l  B 1 4 5 .
The  g r o w t h  d i r e c t i o n  is i n d i c a t e d  
by  t h e  a r r o w .
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F igure  7 . 1 8  S p u t t e r  A u g e r  p r o f i l e  o f  ma t e r i a l  B 1 4 5 .
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F i g u r e  7 . 1 9  C r o s s - s e c t i o n a l  CDF i m a g e s  o b t a i n e d  f r o m  n e a r  t h e  
e p i l a y e r  s u r f a c e .  T h e  g r o w t h  d i r e c t i o n  is i n d i c a t e d  
by  t h e  a r r o w s .
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F i g u r e  7 . 2 0  D e p t h  r e s o l v e d  d i f f e r e n t i a l  Hal l  p r o f i l e  o f  
m a t e r i a l  B 1 4 5 .
Figure 7 .21 P lan -v iew  micrographs of the epilayer  surface of
material B145 showing dislocations and moire fringes.  
Scale markers represent  200nm.
a b
Figure 7 .22  (a )  BF p lan -v iew  TEM image of the epilayer surface;
(b)  corresponding WB image.
Figure 7.23 CDF plan-view micrograph, of the epilayer surface,  
taken from near the TEM foil edge.
Chapter 8
Conclusions and Recommendations for Future Work
8.1 Conclusions
Transmission electron microscope techniques have been used to study 
the microstructure of GalnAsP and GalnAs epitaxial layers grown on 
Fe-doped InP substrates of {100} orientation. Plan-view specimen 
preparation techniques enabling TEM studies to be made# both. at the 
epilayer surface and at various depths into the epilayer# have been 
developed together with a cross-sectional technique which combines 
mechanical and chemical thinning as opposed to using conventional ion 
beam thinning.
The studies of precipitate morphology# configurations and associated 
strain fields suggest that probably seven distinct types of 
precipitate occur in the epilayer surface regions of UPE Gao,o3In0.97 
Aso.o7p0.93 layers heavily doped with Mn or Mn and Ge. Types (iv)# 
(v) and (vi) of these precipitates were shown to be associated with 
Fe. Type (iv) precipitates having been identified as Fe2P, occur in 
all materials studied whereas type (vi) have only been observed in 
material B. Precipitates of type (v) were found in all materials 
studied and identified as FeP and/or Fe2P. Using cross-sectional and 
depth-resolved plan-view TEM together with SIMS it was established 
that these iron-phosphide precipitates are formed by the diffusion of 
Fe from the substrate. In this respect SIMS data also suggests the 
outdiffusion of Fe from substrates not intentionally doped with Fe. 
To avoid phosphorous the work was extended to a study of a
G a o . 47* n 0 .53A s  l a y e r  c o - d o p e d  w i t h  M n  a n d  G e .  F o u r  d i s t i n c t  
p r e c i p i t a t e  t y p e s  w e r e  i d e n t i f i e d ,  t y p e  ( I )  o f  w h i c h  w e r e  s i m i l a r  i n  
t e r m s  o f  m o r p h o l o g y  t o  t y p e  ( i )  p r e c i p i t a t e s  s e e n  i n  G a o . 03* n o .97 
A s o . o 7 p 0 . 9 3 '  H o w e v e r  t h e  p r e c i p i t a t e s  o b s e r v e d  i n  U ? E  G a o . 47I n o . 53A s  
w e r e  v e r y  d i s t i n c t  f r o m  t h o s e  i d e n t i f i e d  a s  i r o n - p h o s p h i d e  i n  
GaO .03In0.97Aso.07p0 .93•
S p e c k l e  a n d  l o n g  w a v e l e n g t h  m i c r o s t r u c t u r e s  w e r e  s t u d i e d  i n  G a l n A s  a s  
a  f u n c t i o n  o f  e p i t a x i a l  g r o w t h  t e c h n i q u e s . T h e  r e s u l t s  s h o w  t h a t  a  
l o n g  w a v e l e n g t h  m i c r o s t r u c t u r e  l y i n g  a l o n g  <100> d i r e c t i o n s  c a n  
s o m e t i m e s  d e v e l o p  i n  M B E  G a l n A s .  I n  r e l a t i o n  t o  M O C V D  G a l n A s  a  l o n g  
w a v e l e n g t h  m i c r o s t r u c t u r e  l y i n g  a l o n g  <110> d i r e c t i o n s  w a s  s e e n  t o  
v a r y  a s  a  f u n c t i o n  o f  d i s t a n c e  f r o m  t h e  i n t e r f a c e .  T h e  o r i g i n  o f  
t h i s  m i c r o s t r u c t u r e  w a s  a t t r i b u t e d  t o  s t r a i n  a t  t h e  i n t e r f a c e  b e l o w  
t h e  t h r e s h o l d  a t  w h i c h  m i s f i t  d i s l o c a t i o n s  c a n  b e  g e n e r a t e d .  T h e  
<100> l o n g  w a v e l e n g t h  m i c r o s t r u c t u r e  w a s  a s s o c i a t e d  w i t h  r e d u c e d  
e l e c t r o n  m o b i l i t i e s  i n  M B E  G a l n A s .  T h e  p r e s e n c e  a n d  w a v e l e n g t h  o f  
t h e  s p e c k l e  c o n t r a s t  w a s  s h o w n  t o  b e  i n d e p e n d e n t  o f  t h e  g r o w t h  
t e c h n i q u e  e m p l o y e d  a n d  o f  t h e  l o n g  w a v e l e n g t h  s t r u c t u r e s .  H o w e v e r ,  
w h i l e  t h e  s p e c k l e  c o n t r a s t  w a s  c o m p a r a t i v e l y  d i f f u s e  i n  L P E  a n d  M O C V D  
l a y e r s  i t  w a s  v e r y  i n t e n s e  i n  M B E  l a y e r s . I n  a d d i t i o n  s o m e  M B E  
G a l n A s  l a y e r s  s h o w e d  a n  i s l a n d  c o n t r a s t  a s  w e l l  a s  t h e  s p e c k l e  
c o n t r a s t .  T h e  ’i s l a n d s *  w h i c h  w e r e  o r i e n t a t e d  a l o n g  o r t h o g o n a l  <100> 
d i r e c t i o n s  m a y  r e p r e s e n t  a n  i n t e r m e d i a t e  s t a t e  t o  a  f u l l y  d e v e l o p e d  
l o n g  w a v e l e n g t h  m i c r o s t r u c t u r e .
U n d o p e d  M O C V D  G a l n A s  e p i l a y e r s  h a v i n g  l a r g e  c o m p o s i t i o n a l  
f l u c t u a t i o n s  a p p r o x i m a t e l y  h a l f  w a y  t h r o u g h  t h e  t h i c k n e s s  o f  t h e  
e p i l a y e r  o r  s m a l l  c o m p o s i t i o n a l  f l u c t u a t i o n s  n e a r  t h e  e p i l a y e r  
s u r f a c e  w e r e  s t u d i e d  u s i n g  b o t h  c r o s s - s e c t i o n a l  a n d  p l a n - v i e w  T E M .
I n  p l a n - v i e w  s u c h  p e r t u r b a t i o n s  i n  c o m p o s i t i o n  w e r e  a s s o c i a t e d  w i t h  
r e s p e c t i v e l y  a  d i s l o c a t i o n  c e l l  s t r u c t u r e  a n d  a  c r o s s - h a t c h  o f  
d i s l o c a t i o n s  a l o n g  < 1 1 0 >  d i r e c t i o n s .  P r o b l e m s  a s s o c i a t e d  w i t h  t h e  
g a s  h a n d l i n g  a p p a r a t u s  w e r e  p r o p o s e d  t o  e x p l a i n  t h e s e  p e r t u r b a t i o n s .  
F o r  M O C V D  G a l n A s ,  w i t h  a  c o m p o s i t i o n a l  f l u c t u a t i o n  l o c a t e d  
a p p r o x i m a t e l y  h a l f  w a y  t h r o u g h  t h e  t h i c k n e s s  o f  t h e  e p i l a y e r ,  s t r a i n  
a t  t h e  e p i l a y e r - b u f f e r  l a y e r  i n t e r f a c e ,  d u e  t o  a  m i s m a t c h  i n  l a t t i c e  
p a r a m e t e r  w a s  s h o w n  t o  r e s u l t  i n  a  v a r i e t y  o f  d i s l o c a t i o n  
m o r p h o l o g i e s . M i c r o t w i n s  w e r e  a l s o  o b s e r v e d  i n  t h i s  m a t e r i a l , b o t h  
c l o s e  t o  a n d  w e l l  r e m o v e d  f r o m  t h e  e p i l a y e r - b u f f e r  l a y e r  i n t e r f a c e .  
T h e  e p i l a y e r  s u r f a c e  r e g i o n s  o f  b o t h  m a t e r i a l  t y p e s ,  i n  p l a n - v i e w ,  
r e v e a l e d  p a r a l l e l  m o i r 6  p a t t e r n s .  A l s o ,  i n  c r o s s - s e c t i o n  a  
p s e u d o - s u p e r l a t t i c e  c o n t r a s t  w a s  o b s e r v e d  i n  b o t h  m a t e r i a l  t y p e s .  
T E M  d a t a  w a s  c o r r e l a t e d  w i t h  S p u t t e r  A u g e r  p r o f i l e s  a n d  
d e p t h - r e s o l v e d  H a l l  p r o f i l e s .  R e g i o n s  o f  c o m p o s i t i o n a l  d i s t u r b a n c e  
w e r e  f o u n d  t o  b e  a s s o c i a t e d  w i t h  a n  e l e c t r o n  m o b i l i t y  m i n i m u m  a n d  a n  
i n c r e a s e  i n  t h e  e l e c t i o n  c o n c e n t r a t i o n .
C l i f f - L o r i m e r  k — f a c t o r s  w e r e  d e t e r m i n e d  e x p e r i m e n t a l l y  a n d  
t h e o r e t i c a l l y  f o r  G a ,  A s  a n d  P  r e l a t i v e  t o  I n .  T o  f a c i l i t a t e  
k - f a c t o r  d e t e r m i n a t i o n  e x t i n c t i o n  d i s t a n c e s  f o r  G a l n A s  a n d  I n P  w e r e  
c a l c u l a t e d  a s s u m i n g  r a n d o m  a t o m i c  d i s t r i b u t i o n s .
8 . 2  R e c o m m e n d a t i o n s  f o r  F u t u r e  W o r k
I t  w o u l d  s e e m  t o  b e  e s s e n t i a l  t o  s t u d y  F e  o u t d i f f u s i o n  a s  a  f u n c t i o n  
o f  e p i t a x i a l  g r o w t h  t e c h n i q u e .  I n  t h i s  r e s p e c t  a  s t u d y  o f  u n d o p e d  
I n P  g r o w n  o n  F e - d o p e d  I n P  s u b s t r a t e s  b y  L P E ,  M O C V D  a n d  M B E  u s i n g  T E M  
a n d  S I M S  w o u l d  b e  h i g h l y  d e s i r a b l e .  W i t h i n  s u c h  a  s t u d y  i t  w o u l d  b e
o f  i n t e r e s t  t o  d e t e r m i n e  q u a n t i t a t i v e l y  t h e  c h e m i c a l  c o m p o s i t i o n  o f  
i r o n - p h o s p h i d e  p r e c i p i t a t e s  f o r m e d  f o l l o w i n g  o u t d i f f u s i o n .  
O u t d i f f u s i o n  o f  F e  i n t o  u n d o p e d  G a l n A s  a s  a  f u n c t i o n  o f  e p i t a x i a l  
g r o w t h  t e c h n i q u e  a l s o  n e e d s  t o  h e  i n v e s t i g a t e d  a n d  i f  s u c h  
o u t d i f f u s i o n  o c c u r s  t h e  e l e c t r i c a l  i m p l i c a t i o n s  n e e d  t o  b e  s t u d i e d .  
A n  e x t e n s i o n  o f  s u c h  w o r k  t o  o t h e r  s u b s t r a t e  d o p a n t s  s u c h  a s  C r  a n d  S  
w o u l d  a l s o  b e  o f  v a l u e .
M o r e  w o r k  i s  n e e d e d  o n  t h e  s p e c k l e  a n d  l o n g  w a v e l e n g t h  m i c r o -  
s t r u c t u r e s .  F o r  e x a m p l e ,  t h e  s p e c k l e  c o n t r a s t  h a s  b e e n  i n t e r p r e t e d  
i n  t e r m s  o f  s p i n o d a l  d e c o m p o s i t i o n  o c c u r i n g  i n  t h e  b u l k  s o l i d  p h a s e  
i m m e d i a t e l y  a f t e r  g r o w t h  a s  t h e  s p e c i m e n  c o o l s  d o w n  (N o r m a n  a n d  
B o o k e r [ 7 3 ] ) .  T o  t e s t  t h i s  h y p o t h e s i s  a  T E M  s t u d y  o f  s a m p l e s ,  s h o w i n g  
t h e  s p e c k l e  c o n t r a s t  o n l y ,  c o o l e d  a t  d i f f e r e n t  r a t e s  f o l l o w i n g  g r o w t h  
s e e m s  e s s e n t i a l .  A l s o ,  i t  w o u l d  b e  d e s i r a b l e  t o  i n v e s t i g a t e  t h e  
e f f e c t s  o f  s p i n o d a l  d e c o m p o s i t i o n  o n  t h e  l o n g  t e r m  r e l i a b i l i t y  o f  
G a l n A s P / I n P  l a s e r s .  A  s t u d y  o f  o t h e r  I I I - V  a l l o y s  s h o w i n g  a  
m i s c i b i l i t y  g a p ,  s u c h  a s  G a x I n i _ x A S y S b x - y  a n d  A f i x G a i _ x  A s y S b x - y  w o u l d  
a l s o  b e  o f  i n t e r e s t .
F u r t h e r m o r e ,  t h e r e  i s  a  n e e d  t o  c o m p a r e  t h e  r e s u l t s  d e t a i l e d  i n  
C h a p t e r  7  w i t h  t h o s e  f r o m  a  M O C V D  G a l n A s  e p i l a y e r  w i t h o u t  a n y  
c o m p o s i t i o n a l  p e r t u r b a t i o n s .  W i t h  r e s p e c t  t o  t h i s  t h e  o r i g i n  o f  t h e  
p s u e d o - s u p e r l a t t i c e  c o n t r a s t  n e e d s  f u r t h e r  c l a r i f i c a t i o n .
APPENDIX
Extinction Distance Calculation
The extinction distance, £g, is defined by,
ttV Cos© 
I = —  ----
g xf A.l
where Vc is the volume of the unit cell, © is the Bragg angle, and
Pg is the structure factor for reflection g = (hkfi). In this form
it is necessary to use relativistically corrected values of Fg and
A. Alternatively since Fg is proportional to the moving electron
mass m and A = —  one can write;mv
mn V vCos© o c_____
hF A. 2
where F^ is now written with nr=mo and v is the electron velocity .
Let us consider the structure factor for Ga In As Px 1-x y 1—y
The structure factor, , describes the contribution of the entire
unit cell to the diffracted intensity and is given by
2rri hx. + ky. + fiz.l 
I 3 3 3J
A.3
where (x_.y_.z^ . ) are the positions of an atom of type j (where j = Ga, 
In, As or P) in the crystal structure and f_. is the atomic scattering 
amplitude, of atoms of type j, for electrons.
Intensity of diffracted beam IoclFhk|l where;
£ f^Cos |27r^ hx_.+ ky..+ ^2j] ■ + E fjSin|27r|hx^+ ky_.+ ®zj]|
A.4
For Ga In, As P, , xGa and (1-x) In atoms occupy type III lattice x 1-x y 1-y
sites; yAs and (l-y)P atoms occupy type V lattice sites. As noted
in Section 1.3 type III sites are at 000; ^ 0 ^  ; ;r ir 0 ; 0 "
2 2 2 2 2 2
. 1 1 1 .  3 1 3  3 3 1  1 3 3and type V sites are a t  ; -----; -----; ---------- or viceJ 4 4 4 '  4 4 4 '  4 4 4 '  4 4 4
versa.
IF,hkfi [xfGa+(1-x)fXn+yfAs+(1-y)fp]Cosf2,7[hX3 + ky3+4z3]
[xfGa+( 1_x )fm +yfAs+< 1 - y  ) f p ]  S i n | 2TI (h x 3 + k y 3 + S z 3 ] A.5
Considering the case of Ga^In^^As (x = 0.47), InP (x=y=0), GaAs 
(x=y=l) and InAs (x = 0, y=l) and substituting in lattice site 
positions we obtain the expressions shown in table A.I. The equations 
for GalnAs and InP were solved. Solution of these equations to 
determine structure factors requires knowledge of atomic scattering 
amplitudes for electrons. The atomic scattering amplitude f(©) is 
given by:
f(0) =
m e o
2h2 [sine]2 [Z-fx]
A.6
m 2oe 6 —1
where — -—  = 2.38 x 10 cm ,
2h
factor for X-rays.
and f is the atomic scattering
The atomic scattering amplitudes of Ga, In, As and P are given in
Sin©table A.2 as a function of — -- . The values, which have been taken
A
from Hirsch et al.[118], have been corrected for relativistic effects
by multiplying by the factor —  =  T- where /3 = 0.6953 for
U - 02} /2
200kV electrons. The data is shown graphically in figure A.l to
allow atomic scattering amplitues for a given reflection, which are
not tabluated, to be found given Sin©/A is known. The ratio — ^  can
A
be determined for a given operating reflection, g, according to 
Sin©/A = where d is the interplanar spacing for reflection
g = (hkfi).
Using relativistically corrected values of F^ the extinction distance
of GalnAs and InP was found from equation A.I. In relation to this
equation the relativistically corrected value of A for 200kV
electrons is 0.0251 & and © was found from Sin© = A/2d. However
since © is small, Cos©s=l. The volume of the unit cell was calculated 
3
using V= a , assuming a lattice parameter, for both GalnAs and InP c
of 5.869 A. The results of the calculation axe detailed in table 
A.3 for six common reflections. With respect to table A.l, since the 
atomic scattering factors of Ga and As (table A.2) are almost identi­
cal, GaAs regions will appear dark in micrographs obtained with 
g =  <200>. This is also true for g = <420>.
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Table A. 2: Atomic Scattering Amplitudes of Ga, In, As and P
for electron|^w^th relativistic correction as a 
function of — --  .
SinQ «-l 
X K
Atomic Scattering Amplitude : f(©) A
fGa fln fAS
f
P
0.00 10.43 13.34 10.84 7.5
0.05 9.31 12.91 9.72 7.05
0.10 7.81 11.55 8.41 6.37
0.15 6.27 9.77 6.96 4.94
0.20 5.06 8.06 5.66 3.88
0.25 4.17 6.64 4.62 3.02
0.30 3.52 5.55 3.81 2.36
0.35 3.03 4.71 3.21 1.89
0.40 2.66 4.05 2.77 1.56
0.50 2.09 3.06 2.14 1.11
0.60 1.67 2.41 1.71 0.85
0.70 1.36 1.93 1.40 0.68
0.80 1.13 1.59 1.18 0.56
0.90 0.93 1.32 0.99 0.46
1.00 0.78 1.13 0.82 0.39
1.10 0.65 0.96 0.695 0.33
1.20 0.57 0.83 0.598 0.29
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Index of Symbols
Lattice parameter
Relative line intensity factor of characteristic X-ray peak
j of element A
Atomic weight
Azimuthal angle
Burgers vector
Beam broadening
Beam direction
Concentration of element A in wt%
Elastic constants
Interplanar spacing
Electronic charge
Critical excitation potential
Fermi energy
Bandgap
Energy of incident primary electron beam 
Photon energy 
Angle of elevation
Atomic scattering amplitude for electrons 
Atomic scattering factor for X-rays 
Structure factor for reflection g = (hkl)
Reciprocal lattice vector 
Gibbs free energy 
Planck's constant 
Planck's constant/2tr 
Enthalpy
Intensity of characteristic X-ray peak j of element A
)cb Boltzmann constant
^Aln Cliff-Lorimer k-factors where A = Ga, As or P and In is the
ratio standard element
m Relativistic or moving electron mass
mo Electron rest mass
Nv Number of moles of element v
N* Number of counts
N Deep acceptor concentration
<3
N$ Residual donor concentration
L Camera length
Qai Ionization cross-section for atomic shell i of an atom of
element A 
P Pressure
r0 Radius of particle
R+ Vector describing displacement of lattice due to an
imperfection
R Distance from the transmitted spot to a diffraction spot on
a negative 
s Deviation from Bragg angle
S Entropy
t Thickness
T Temperature
T* Angle of specimen tilt
U Overvoltage ratio Eq/Ec
v Electron velocity
Vc Volume of unit cell
Y[hkfi] Elastic coefficient (in direction [hkfij)
Z Atomic number
X-ray take-off angle
Local lattice rotation parameter
Alloy scattering potential for electrons
Misfit strain
Detector efficiency
Bragg angle
Electron wavelength
Photon wavelength
Wavelength of composition modulation 
Absorption coefficient 
Hole mobility 
Electron mobility
Extinction distance at exact Bragg angle 
Effective extinction distance (w = s £ g )
Density
Standard deviation
Total incident wave amplitude
Diffracted wave amplitude
Fluoresence yield of atomic shell i of element A
